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ABSTRACT 
 
Interactions between mafic and felsic magma are common in magmatic systems. In silicic 
volcanic systems, mafic melts are the parental magmas for rhyolites, and also provide heat 
and volatiles that drive magma chamber processes and may trigger eruptions. Owing to 
their higher density relative to rhyolite, these mafic magmas rarely reach the surface. 
However, where they do so they provide information about immediately pre- and syn-
eruptive magma chamber processes.  
These processes are investigated in this thesis by examination of textural relationships, and 
whole-rock, mineral and glass chemistries in quenched juvenile mafic clasts from the 25.4 
ka Oruanui supereruption (~530 km3 magma) of Taupo volcano, New Zealand. The mafic 
component of the Oruanui eruption is significant because of its volume (3-5 km3), and 
because two distinct compositional groups, one tholeiitic and one calc-alkaline, were 
erupted simultaneously.  
Groundmass textures in the Oruanui juvenile mafic clasts show features indicative of rapid 
crystallisation (quenching), including micro-crysts with disequilibrium habits (acicular, 
swallowtail and hopper), and abundant interstitial residual glass. These features are inferred 
to result from chilling of the mafic magmas against the cooler Oruanui rhyolite upon 
injection into the silicic magma system. Quantitative textural data reveal a marked diversity 
in the groundmass textures of the mafic clasts, including crystal sizes, aspect ratios, area 
fractions, number densities, and the relative abundance of minerals. Any textural contrasts 
between the tholeiitic and calc-alkaline groups are overshadowed by more significant 
variations within each group, reflecting differences in the conditions under which 
crystallisation occurred as well as the compositional differences between the crystallising 
magmas. The fact that textures vary more significantly within than between the 
compositional groups suggests that bulk composition exerted only a second-order control 
on textural development. Crystal sizes and area number densities, in particular, show no 
correlation with whole-rock chemistry, implying that diverse cooling histories exerted an 
important control on the resultant textures.  
Diversity in the conditions of mafic clast crystallisation inferred from groundmass textures 
is reinforced by the chemistries of groundmass phases. Although the relative abundance of 
plagioclase and amphibole micro-crysts correlates with whole-rock chemistry to a first 
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order, a range of compositions are observed, and compositional differences between clasts 
are not primarily dictated by bulk chemistry. Clustering of groundmass mineral 
compositions with respect to textural groupings suggests a fundamental link between 
compositions and textural development. This is inferred to result from a complex 
combination of factors, including the degree of undercooling, water content, cooling rate, 
bulk composition, and possibly intensive variables.  
Many macro-crystals display compositions overlapping with crystals from the Oruanui 
high- and low-silica rhyolites, indicating they are xenocrysts ingested from the rhyolite. 
However, residual glass compositions in the mafic clasts are chemically distinct from the 
Oruanui rhyolite glasses, and a mixing trend between them is not observed. The dominance 
of crystals derived from the low-silica rhyolite, combined with a scarcity of ingested 
rhyolite melt, suggests interaction of the mafic and felsic magmas occurred predominantly 
within a transition zone between the crystal mush and the overlying crystal-poor high-silica 
rhyolite.  
Diversity in the conditions of crystallisation inferred from the groundmass textures and 
chemistries of the mafic clasts are inconsistent with previously proposed models invoking 
crystallisation in a ponded mafic layer at the base of the melt-dominant body, prior to 
mechanical breakup and dispersal. A new model for generation of the mafic clasts is 
presented, whereby mafic dikes encountering a transition zone between the rigid crystal 
mush and the melt-dominant body disaggregate into discrete blebs of a range of sizes that 
quench against the rhyolite. Each bleb experiences its own unique cooling history, resulting 
in diversity in the resultant groundmass textures and chemistries. Ingestion of crystal-rich 
felsic material by the mafic blebs occurs, and transfer of heat to the semi-mobile transition 
zone magma induces convection, facilitating transfer of the quenched mafic blebs into the 
overlying melt-dominant body. Evidence for plastic deformation and the abundance of 
residual glass in the mafic clasts suggests their formation was a syn-eruptive processes. 
Spikes in the abundance of juvenile mafic material in phases 3 plus 4, 7 and 9 (Wilson, 
C.J.N. (2001). The 26.5 ka Oruanui eruption, New Zealand: an introduction and overview. 
Journal of Volcanology and Geothermal Research, 112, 133-174) are inferred to signify 
fresh injections of mafic magma into the silicic system during the eruption, likely a 
consequence of the regional-scale rifting inferred to have triggered and modulated the 
eruption (Allan, A.S.R., et al. (2012). The invisible hand: tectonic triggering and 
modulation of a rhyolitic supereruption. Geology, 40, 563-566). 
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1. Introduction 
1.1. THESIS OBJECTIVES AND OUTLINE 
Mafic magmas (defined for the purposes of this thesis as those containing <66 wt% 
SiO2) involved in silicic volcanic systems provide heat and volatiles that drive 
magma chamber processes, are parental to rhyolites through assimilation and 
fractionation processes, and can in many circumstances trigger eruptions 
(Lachenbruch et al., 1976; Eichelberger and Gooley, 1977; Sparks et al., 1977; 
Hildreth, 1981; Christensen and DePaolo, 1993). Owing to their higher densities, 
these mafic magmas rarely reach the surface in rhyolite-dominated volcanic centres, 
although occasionally they may be erupted as a minor component. The chemistries, 
mineral assemblages and textures of any mafic material evacuated during large 
silicic eruptions hold valuable information regarding processes and interactions 
occurring within the magma body during and immediately prior to eruption. These 
processes are investigated in this thesis by examining and documenting textural 
relationships and mineral and glass chemistries in quenched juvenile mafic clasts 
from the ~25.4 ka Oruanui supereruption of Taupo volcano, New Zealand.   
The Oruanui eruption is an excellent case study for mafic-felsic interactions in large 
silicic magmatic systems, owing to the wealth of information provided by previous 
studies of the eruption products. In particular, the eruptive stratigraphic framework 
developed by Wilson (2001), and geochemical characterisation of Oruanui deposits 
by Sutton (1995), Sutton et al. (1995), Wilson et al. (2006), and Allan (2013), 
provide contextual information unrivalled by any other large silicic eruption with a 
juvenile mafic component. This work builds on earlier characterisation of the 
Oruanui juvenile mafic magmas by Wilson et al. (2006) and Allan (2013), and 
attempts to address some of the questions raised by these studies.   
The central purpose of this thesis is to constrain the nature of the interaction 
between mafic and felsic magmas in the build-up to, and during, the Oruanui 
eruption. Important questions driving this research include: 
1. Over what timescales did the mafic and felsic magmas interact? 
2. Why are two distinct compositional groups of mafic magmas involved in 
the Oruanui eruption, and from where were they sourced? 
2 
 
3. How is the quench crystallisation of the mafic magmas in the host rhyolite 
manifested in the textures and mineral and glass chemistries of the mafic 
clasts? 
4. What different quench textures are present in the mafic magmas and what 
are the dominant controls on their formation?  
5. Are any published models of mafic-felsic interaction and enclave formation 
applicable to the Oruanui? 
These (and other) questions are addressed in several chapters, structured around the 
central theme of understanding the nature of the pre- and syn-eruptive interaction 
between mafic and felsic magmas in the Oruanui magma system, and their 
expression in the textures and geochemistries of the juvenile mafic clasts.   
Chapter 1 outlines the context for this study. The phenomenon of interaction 
between mafic and felsic magmas in magmatic systems, and the mechanisms by 
which this may occur, are introduced. I also summarise the general geological 
background of the Taupo Volcanic Zone (TVZ) and Taupo volcano, and introduce 
the Oruanui eruption, highlighting key stratigraphic, volcanological and 
geochemical results of previous studies that provide the framework for this 
research. 
Chapter 2 provides a general overview of the characteristic features of Oruanui 
juvenile mafic clasts.  An overview of the whole rock geochemistry of the mafic 
clasts is presented, with new major and trace element data expanding the 
compositional dataset from previous studies. Macroscopic textures and petrography 
of the mafic clasts are described. 
Chapter 3 covers analysis of the groundmass textures of Oruanui mafic clasts. 
Textures are documented quantitatively in 2-D using image analysis of back-
scattered electron (BSE) images, and variations between clasts are examined. A 
scheme is developed for grouping clasts according to their groundmass textural 
properties. 
Chapter 4 presents new major and trace element data for mineral phases and glass 
from Oruanui juvenile mafic clasts. Datasets of mineral and glass compositions 
from earlier studies are greatly expanded, and the first trace element data for 
groundmass micro-crysts from the Oruanui mafic clasts are reported.  Relationships 
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between groundmass textures and micro-cryst and glass compositions are 
investigated.  
Chapter 5 is a discussion, summarising key findings of the previous chapters and 
addressing some of the key research questions that motivated this study. A new 
model for mafic-felsic interactions in the Oruanui eruption is presented in light of 
insights provided by new textural and geochemical data. 
 
1.2. MAFIC-FELSIC INTERACTIONS IN MAGMATIC SYSTEMS 
Since the first published records of chilling and crystallisation of hotter mafic 
magma against cooler felsic magma (e.g. Wilcox, 1944; Wager and Bailey, 1953), 
it has become clear that intimate interaction between mafic and felsic magmas is 
common. Composite lavas flows, dikes and sills, and mafic-inclusion-bearing 
mixed lavas, pyroclastic deposits and intrusions have all been interpreted as the 
product of interactions between distinct mafic and felsic components (e.g. Blake et 
al., 1965; Walker and Skelhorn, 1965; Bacon and Metz, 1984; McGarvie, 1984; 
Bacon, 1986; Wiebe, 1994; Snyder et al., 1997; Clynne, 1999; Miller and Miller, 
2002). The term “magma mingling” is commonly used to describe cases such as 
these, where the magmas are intermixed physically, but mafic and felsic 
components remain distinct in a heterogeneous end product. Thorough mixing of 
mafic and felsic magmas to form a homogeneous hybrid magma (“magma mixing”) 
is also a common process (e.g. Anderson, 1976; Blake, 1984; McGarvie, 1984; 
Sparks and Marshall, 1986; Clynne, 1999; Coombs et al., 2000). Evidence for sub-
volcanic mixing and mingling of compositionally contrasting magmas is so 
abundant in the geological record that most magma reservoirs are now regarded as 
open systems (e.g. Eichelberger, 1975; Cantagrel et al., 1984; Gamble et al., 1999; 
Humphreys et al., 2006). 
Mafic enclaves (also called mafic inclusions or xenoliths) are common in both felsic 
plutonic and volcanic rocks. Early workers interpreted these to represent fragments 
of previously crystallised mafic rock incorporated into felsic magma bodies in the 
solid state. However, closer inspection of the features of mafic enclaves led to the 
recognition that they in fact signify quenched parcels of mafic magma that 
interacted with their felsic hosts as a liquid (e.g. Zeck, 1970; Eichelberger and 
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Gooley, 1977; Eichelberger, 1980; Heiken and Eichelberger, 1980; Reid et al., 
1983; Bacon and Metz, 1984; Cantagrel et al., 1984; Vernon, 1984; Bacon, 1986; 
Barbarin and Didier, 1992).  Such features may include: 
(1) chilled margins against the felsic host.  
(2) ingestion of phenocrysts (commonly reacted or resorbed) from the felsic host.  
(3) rounded or subspherical shapes, often with crenulate margins convex towards 
the host. 
(4) groundmass crystal morphologies indicative of undercooling and rapid quench 
crystallisation.  
(5) minor diffusive mingling at contacts with the felsic host. 
Injection of denser mafic magma into a felsic magma chamber does not necessarily 
immediately lead to mixing and/or mingling between the magmas. Instead, a 
vertically-stratified chamber may form, with mafic magma ponded at the base (e.g. 
Eichelberger, 1980; Rice, 1981; Huppert et al., 1982). For intimate mingling and/or 
mixing of the magmas to occur, a mechanism to break this stratification is required. 
Several different models have been proposed, including one or more of: 
(1) wholesale convective overturn of the chamber (Huppert et al., 1982; Turner et 
al., 1983), triggered by exsolution of volatiles in the chilled mafic magma, 
(2) formation of a mafic foam layer and detachment of blebs of foam via Rayleigh-
Taylor instabilities (Eichelberger, 1980), also triggered by volatile exsolution, 
(3) simultaneous tapping of multiple layers in a stratified chamber and mixing in 
the conduit during ascent (Koyaguchi, 1985; 1987; Blake and Ivey, 1986; 
Kogaguchi and Blake, 1989),  
(4) convective mixing or mingling above the mafic inlet due to viscous coupling 
between the mafic and felsic magmas (Snyder and Tait, 1996), and  
(5) mixing or mingling during turbulent fountaining of mafic magma into the silicic 
chamber (Campbell and Turner, 1985). 
Thermal equilibration between co-existing mafic and felsic magmas occurs before 
any chemical exchange takes place, as thermal diffusion occurs at typically three to 
five orders of magnitude faster than chemical diffusion in silicate melts (Turner et 
al., 1983; Sparks and Marshall, 1986). Rapid extraction of heat from the mafic 
magma triggers flash crystallisation and exsolution of volatiles (e.g. Eichelberger, 
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1980). These processes cause a rapid increase in the viscosity of the inclusions, 
which may inhibit homogenisation of the mixture (Bacon, 1986; Sparks and 
Marshall, 1986). A quantitative model for predicting whether a homogeneous 
hybrid magma or mafic inclusions are formed was developed by Sparks and 
Marshall (1986), who showed that inclusion formation is favoured where the 
proportion of mafic relative to felsic magma is low. In such a case, the quenching 
effect of the volumetrically dominant felsic magma is sufficient to lower the 
temperature of the intruding mafic magma to effectively that of the felsic host. 
Conversely, complete mixing and hybridization was suggested to occur where a 
substantial proportion of the mafic endmember is involved, and remains liquid even 
after thermal equilibration with the felsic magma.      
The groundmass textures displayed by mafic enclaves provide a record of the 
rapidly occurring processes of quench crystallisation and volatile exsolution. 
Quench textures such as fan spherulites, acicular, dendritic, plumose, hopper or 
skeletal groundmass crystals (sometimes hollow) have all been documented in 
quenched mafic enclaves (Bacon and Metz, 1984; Cantagrel et al., 1984; Coulon et 
al., 1984; Bacon, 1986). Cooling experiments have shown that the textures 
produced are primarily a function of the degree of undercooling at which 
crystallisation occurs (e.g. Lofgren, 1974; Corrigan, 1982).  
  
 1.3. TAUPO VOLCANIC ZONE 
The Taupo Volcanic Zone (TVZ) is a region of intense Quaternary volcanism and 
crustal extension in the North Island of New Zealand. The modern TVZ is an 
actively rifting volcanic arc (Hochstein et al., 1993), representing the southern 
termination of the 2800-km-long Tonga-Kermadec arc-trench system and its 
intersection with the continental crust of the New Zealand landmass (Wilson et al., 
1995). Present-day extension rates in the TVZ range from <5 mm/yr at the southern 
end to ~15 mm/yr at the Bay of Plenty coastline (Wallace et al., 2004). Development 
of this zone has occurred over the last 2 Ma in response to the north-westward 
subduction of the Pacific Plate beneath the Australian Plate, beginning at the 
Hikurangi Margin to the east of the North Island (Cole and Lewis, 1981; Cole, 1990; 
Wilson et al., 1995). Comprehensive reviews of the TVZ and its geochemical,  
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petrological and structural characteristics can be found in Cole et al. (1995), Wilson 
et al. (1995, 2009), Houghton et al. (1995), Leonard et al. (2010), Rowland et al. 
(2010) and Seebeck et al. (2014).  
The TVZ is defined by a 300 km-long and up to 60 km-wide envelope enclosing all 
caldera margins and vents active during the 2.0 Ma lifetime of the zone (Houghton 
et al., 1995; Wilson et al., 1984, 1995). This region extends along a NNE-SSW 
trend from Ohakune to White Island, and is divided into a central segment 
dominated by rhyolitic caldera volcanoes, and northeast and southwest segments 
Figure 1.1. Summary map of the Taupo Volcanic Zone (TVZ) (marked in red on the inset map), highlighting 
its three main segments (A = andesite-dominated = northern and southern TVZ; R = rhyolite-dominated = 
central TVZ). The eight central TVZ centres where large-scale caldera-related rhyolitic volcanism has 
occurred are demarcated, with approximate ages of caldera-forming eruptions in parentheses. Old and Young 
TVZ boundaries are defined by envelopes around vent sites and caldera margins active from 1.6 to 0.34 Ma 
and 0.34 Ma to present, respectively (Wilson et al., 1995). Modified after Wilson et al. (2009).  
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where andesitic to dacitic composite cones dominate, and rhyolitic calderas are 
absent (Figure 1.1) (Healy, 1962; Cole, 1979; Wilson et al., 1984, 1995). The TVZ 
is undoubtedly a consequence of exceptionally high crustal heat flow, however a 
consensus on the reason for this anomalous heat flow is lacking. Diverse 
explanations range from crustal fusion and plastic deformation (Hochstein, 1995) 
to mantle upwelling and decompression (Reyners, 2013).  
Throughout its history, the TVZ has erupted at least 10,000-12,000 km3 of magma, 
equivalent to an average extrusive flux of ~0.3 m3s-1 (Houghton et al., 1995; Wilson 
et al., 1995).   An intrusion rate of ~1.2 m3 s-1 was inferred by Wilson et al. (1995), 
based on the zone’s exceptionally high modern heat flux (4200 ± 500 MW; Bibby 
et al., 1995). Erupted magmas are overwhelmingly rhyolitic (>95%; Wilson et al., 
1995), with andesite an order of magnitude less abundant, and basalt and dacite both 
minor in volume (<100 km3 each). The prevalence of rhyolitic compositions in the 
TVZ is exceptional among arcs worldwide. 
Basaltic magmatism at depth is widely inferred to fuel all other volcanism occurring 
within the TVZ (cf. Hildreth, 1981). However, the eruption of basaltic magma at 
the surface is rare; basalt represents only ~0.1% of the total volume of exposed 
volcanics in the TVZ (Houghton et al., 1987).  This paucity of basaltic eruptions 
has been attributed to the density trap presented by the hot, low-density continental 
crust beneath the zone, which is thought to restrict basaltic eruptions to places where 
pre-existing crustal fracture systems could be utilised (Houghton et al., 1987; 
Gamble et al., 1990, 1993; Hiess et al., 2007). All known instances of surficial 
basaltic activity in the onshore TVZ are limited to small monogenetic eruptions 
(Figure 1.2). Even the largest basaltic events (e.g. Tarawera 1886, ~0.7 km3; Nairn 
and Cole, 1981) are typically an order of magnitude smaller than the largest 
andesitic-dacitic events, and 2-3 orders of magnitude smaller than the largest 
rhyolitic events (Wilson et al., 1995).  
Eruption of andesitic magmas has occurred in greatest proportion from the 
polygenetic composite cones in the northern and southern segments of the zone 
(Figure 1.2), where individual eruptions reach up to 1-10 km3 in size (Wilson et al., 
1995). Andesites are less abundant in the central TVZ, where they are represented 
by:  
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Figure 1.2. Map highlighting vent sites and volumes of young (post-340 ka) mafic (basalt and andesite) 
eruptives in the TVZ. Major faults are highlighted in yellow. Old and Young TVZ boundaries shown in blue 
and orange, respectively. Modified after Wilson et al., 1995. 
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(1) small (< 10 km3) composite cones, both as surface and buried edifices; 
(2) three ignimbrites (e.g. Wilson et al., 1986); 
(3) buried lava flows and shallow sill complexes (e.g. Grindley, 1965; 
Rosenberg et al., 2009; Milicich et al., 2013); 
(4) mixing components in otherwise silicic eruptives (e.g. Blake et al., 1992; 
Wilson et al., 2006).  
 
The 125 x 60 km central segment of the TVZ is the most productive and frequently 
active Quaternary silicic (rhyolite-dominated) volcanic system on Earth (Houghton 
et al., 1995; Wilson et al., 1995, 2009). The total erupted volume, thermal flux, and 
life span of this system are comparable to the modern Yellowstone system 
(Christiansen, 2001); however, caldera-forming events in the TVZ are generally 
smaller, and occur an order of magnitude more frequently (Houghton et al., 1995). 
At least eight recognised caldera centres have been active during the ~1.6 Ma 
history of silicic volcanism in the central TVZ (Figure 1.1), including the presently 
active Taupo and Okataina volcanic centres (Wilson et al., 1995, 2009).  A total of 
four supereruptions are recognised to have occurred in central TVZ during the 
Quaternary (Figure 1.3), including the Oruanui eruption, the subject of this thesis.  
Supereruptions are defined as those that eject >1015 kg (about 450 km3) of magma, 
equivalent to ~1000 km3 of pyroclastic material (Mason et al., 2004; Self, 2006; 
Miller and Wark, 2008). Records of eruptions over the past 61 ka from Taupo (38) 
and Okataina (25) are well-preserved (Wilson et al., 2009), providing snapshots of 
the evolution of these systems. Three caldera-forming eruptions collectively 
contributed 82% of the volume erupted over this time: the 61 ka Rotoiti/Rotoehu 
eruption (Okataina), and the 25.4 ka Oruanui and 1.8 ka Taupo eruptions (Taupo) 
(Wilson et al., 2009). An average eruption rate of 9.6 km3 kyr-1 over this time makes 
Taupo the single most productive rhyolitic volcano on Earth (Wilson et al., 1995; 
2009).    
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1.3.1. Mafic-felsic interactions in the Taupo Volcanic Zone 
Evidence for sub-volcanic interaction between mafic and felsic magmas is relatively 
common in the TVZ. Deposits from large silicic eruptions frequently contain 
quenched mafic inclusions and streaky pumices, indicating intimate mingling 
between mafic and felsic magmas. Petrographic, geochemical and isotopic evidence 
for mixing between mafic and rhyolitic endmembers to produce hybrid magmas is 
also common (e.g. the Tauhara dacites; Graham and Worthington, 1988; Millet et al., 
2014).     
Mafic magmas often play a role in silicic eruptions at the Okataina volcanic centre. 
At the Tarawera complex within the Okataina caldera, mafic magmas are particularly 
important, often acting as triggers for silicic eruptions. Minor basaltic components 
have been found in deposits of three of the four <25 ka silicic eruption episodes of 
Tarawera; the ~0.7 ka Kaharoa (Leonard et al., 2002; Nairn et al., 2004), 17.7 ka 
Rerewhakaaitu (Shane et al., 2007), and 21.9 ka Okareka eruptions (Nairn, 1992; 
Darragh et al., 2006; Shane et al., 2008). All of these eruptions are believed to have 
Figure 1.3. Cumulative volume of magma erupted during caldera-forming eruptions in the central TVZ plotted 
against time before present. The four supereruptions recognised from central TVZ deposits are labelled. Modified 
after Wilson et al., 2009. 
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been triggered by injection of basalt into rhyolitic magma bodies via dike systems. 
Shane et al. (2008) argued that widespread evidence for involvement of basalt in 
silicic eruptions at Tarawera suggests basaltic intrusion exerts a modulating effect on 
the tempo and style of rhyolitic activity. Mafic scoria was also erupted immediately 
before rhyolite in the caldera-forming Rotoiti eruption of Okataina (~80 km3 magma, 
~61 ka; Wilson et al., 2009), however a complete lack of evidence for mingling 
between the mafic and rhyolitic magmas led Schmitz and Smith (2004) to rule out 
direct triggering of one eruption by the other.   
Deposits from several large silicic eruptions of Taupo volcano also show evidence of 
mafic-felsic interaction. Blake et al. (1992) documented the presence of grey 
rhyodacite pumice, dense to scoriaceous juvenile andesitic clasts, and streaky 
pumices in the deposits of the predominantly rhyolitic Waimihia eruption (Unit S; 
3.3 ka, ~7.5 km3 magma). Compositions of all grey and mixed pumices were found 
to plot along mixing lines between the most mafic scoria and the average rhyolite. 
The compositional variability was therefore attributed to andesite-rhyolite mixing. 
The presence of mafic inclusions in the deposits of eruptions Y and Z was also 
recently recognised (Barker, 2014; Barker et al., 2015). 
The single largest ejection of mafic material in a silicic eruption from Taupo occurred 
during the 25.4 ka Oruanui eruption (~530 km3 magma; Wilson, 2001; age from 
Vandergoes et al., 2013). The erupted magma was overwhelmingly rhyolitic (> 99%), 
however two distinct groups of mafic magma, one tholeiitic and one calc-alkaline, 
contributed an estimated 3-5 km3 of the total magma volume erupted (Wilson, 2001; 
Allan, 2013). These mafic magmas form the subject of this thesis, and are introduced 
and discussed below.  
 
1.3.2. Background to volcanism at Taupo volcano 
All activity at Taupo post-dates the ~350 ka Whakamaru eruption, and the present-
day Taupo volcanic centre overlaps the southern margin of the inferred Whakamaru 
caldera (Wilson et al., 1986; 1995; Houghton et al., 1995). Little is known about 
activity at Taupo prior to ~61 ka, as exposure of old deposits, which have been 
extensively buried or eroded away by young pyroclastic units, is poor (Wilson et al., 
1995; 2009). Volcanism in this period is represented mostly by domes and associated 
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subordinate pyroclastic units to the southwest, southeast, and north of the modern 
lake; however age data are poorly constrained (Sutton et al., 1995). The major vent 
sites from the Taupo Volcanic Centre (TVC) and the Maroa system, Taupo’s northern 
neighbour, occur in geographically discrete clusters, however scattered rhyolite 
domes have been erupted in the region between, and an arbitrarily-positioned 
boundary divides the centres (Wilson et al., 1986; Leonard, 2003).   
The time plane marked by fall deposits from the ~61 ka Rotoiti eruption of Okataina 
denotes the beginning of “modern”, pyroclastic-dominated activity at Taupo (Sutton 
et al., 1995; Wilson et al., 1995). Several small-volume pyroclastic units and domes 
were erupted in the period between the Rotoiti and Oruanui eruptions (Wilson et al., 
1995; Sutton et al., 1995; Wilson and Charlier, 2009). Sutton et al. (1995) noted that 
several eruptions from vents now situated beneath the modern lake involved magmas 
compositionally similar to magma later erupted in the climactic Oruanui event. U/Th 
disequilibrium dating of zircons has identified a bimodal model-age spectra in these 
Oruanui-type magmas, all of which show a common peak of zircon crystallisation at 
~95 ka, followed by a second peak typically 5 to 20 kyr prior to eruption (Charlier et 
al., 2005; Wilson and Charlier, 2009). Combined with the compositional and 
mineralogical similarity of these magmas batches, these data have been used to argue 
that eruptions of Oruanui-type magma represent precursory leaks from the Oruanui 
source mush (Charlier et al., 2005; Wilson et al., 2006; Wilson and Charlier, 2009). 
The Oruanui-type magmas contrast with the NE-dome-type magmas erupted from 
Maroa and the northern segment of Taupo during this period, which are distinctive 
on account of their higher crystal contents, contrasting 87Sr/86Sr ratios, and 
phenocrystic biotite (Sutton et al., 1995; Wilson and Charlier, 2009).  
The 25.4 ka Oruanui supereruption marks a major turning point in the structural and 
magmatic evolution of the Taupo magmatic system (Sutton et al., 1995). A detailed 
discussion of the eruption is presented in the following section.  
Activity at Taupo resumed only ~5 kyr after the climactic Oruanui eruption. The style 
and tempo of activity changed after the Oruanui, with eruptions typically becoming 
smaller and less frequent. A total of 28 post-Oruanui eruptions (labelled Units Ψ, Ω, 
A, ... to Z) are recognised from deposits in the vicinity of Lake Taupo (Wilson, 1993). 
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These eruptions have varied over more than three orders of magnitude in size, with 
repose intervals ranging from 20 to 6000 years (Wilson, 1993).  
Wholesale re-organisation of the magma system followed the Oruanui event; all post-
Oruanui eruptives are chemically and isotopically distinct from the Oruanui magmas 
(Sutton et al., 1995; 2000; Barker et al., 2015), despite eruption from vents 
overlapping in location with the outline of the Oruanui structural caldera. 
Compositional data allow subdivision of eruptives from this period into four magma 
types: a dacitic group, represented in the first three eruptions between 20.5 and 17 ka 
(units Ψ, Ω, and A), and three subtly distinct rhyolitic subgroups erupted in discrete 
periods from 11.8 to 9.95 ka (SG1: Units B-E), 7.05 to 2.75 ka (SG2: Units F-W) and 
2.15 to 1.8 ka (SG3: Units X-Z) (Sutton et al., 1995; 2000; Barker et al., 2015). 
Compositional shifts between the groups are stepwise, and attributed by Barker et al. 
(2015) to minor changes within the mush system beneath Taupo, driven by 
fluctuating mafic inputs and changes in stable mineral phases. None of the groups 
display compositional trends towards the Oruanui magma compositions, suggesting 
that the melt-dominant Oruanui magma body was drained of virtually all melt prior 
to the onset of post-Oruanui magmatism (Sutton et al., 1995; 2000). Barker et al. 
(2014) noted that post-Oruanui zircon U-Th model age spectra show a scarcity of 
zircons with ages matching the characteristic Oruanui spectrum, indicating limited 
inheritance of crystals from the Oruanui magma source. They attributed this lack of 
inheritance to thermal dissolution of Oruanui crystals due to influxes of hot mafic 
magma immediately following the Oruanui event. Strong compositional zoning and 
widely varying melt inclusion compositions in the major mineral phases of the post-
Oruanui dacites are consistent with this model of post-Oruanui mafic influx, 
suggesting interaction of the dacites with less evolved melts at depths overlapping 
with the inferred base of the old Oruanui mush system (Gelman et al., 2013; Barker 
et al., 2015).    
 
1.4. THE 25.4 KA ORUANUI SUPERERUPTION AND ITS PRODUCTS 
The 25.4 ka Oruanui eruption is the largest known eruption from Taupo volcano 
(Self, 1983; Wilson, 2001), and the world’s youngest supereruption (Allan, 2013; 
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Vandergoes et al., 2013). In the last 100 kyr, only the 74 ka youngest Toba eruption 
exceeds the Oruanui in size globally (Rose and Chesner, 1987).  
During the Oruanui eruption ~430 km3 of fall deposits (Figure 1.4a), 320 km3 of 
pyroclastic density current deposits (mostly ignimbrite) (Figure 1.4b), and ~420 km3 
of primary intracaldera material, equivalent to ~530 km3 of magma, were evacuated 
over a total period of several months (Wilson, 2001). The eruption was spasmodic, 
with field evidence for several time breaks, up to the of the order of weeks to months, 
interspersed between periods of intense activity (Wilson, 2001). The complete lack 
of welding of the ignimbrite, extremely fine-grained fall deposits, presence of 
diatoms in some units, and abundance of accretionary lapilli indicate the eruption was 
phreatomagmatic (Self and Sparks, 1978; Self, 1983; Van Eaton et al., 2013).  
 
 
 
The Oruanui deposits were divided into six distinct members in early studies of the 
eruptive stratigraphy (Self and Sparks, 1978; Self, 1983; Self and Healy, 1987). This 
interpretation was later revised by Wilson (2001), who presented a more detailed 
stratigraphic framework encompassing ten phases of activity, identified on the basis 
of layering in the fall deposits. Pyroclastic density current (PDC) deposits generated 
throughout the eruption were placed into stratigraphic context on the basis of 
interbedding relationships with the fall deposits, and the presence of “spikes” in the 
abundance of juvenile mafic material (dominantly ash-grade) in the deposits of  
Figure 1.4. a) Isopach map for Oruanui fall deposit. b) Map showing thickness of Oruanui ignimbrite deposits in the 
vicinity of Lake Taupo. Modified after Wilson (2001).  
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phases 3 plus 4, 7 and 9 (Figure 1.5). The most energetic PDCs reached up to ~90 km 
from the vent during phase 8, however, the most voluminous PDC deposits were 
emplaced during phase 10 (Wilson, 2001).  
Grain size variations in pumice and lithic clasts from early phases of the eruption 
enabled Wilson (2001) to infer approximate locations for the vents of phases 1-4 
(Figure 1.6). Activity during phases 1 and 2 was restricted to a source in the northeast 
corner of the modern lake. The beginning of phase 3 was marked by the opening of 
an elongate vent structure trending NNE-SSW along the eastern margin of the 
modern Lake Taupo, and was followed by a shift to a more westward vent near the 
centre of the modern lake at the beginning of phase 4. Wilson (2001) was unable to 
infer locations for the later phases due to partial-to-complete erosion of proximal 
phase 5-10 fall units during emplacement of late-phase ignimbrites, however, all are 
inferred to have been located within the modern Lake Taupo. The presence of lithic 
lag breccias to the N, NW and SE of the lake margin suggest growth of the caldera 
reached its climax during phase 10 (Wilson, 2001). The modern Lake Taupo is 
inferred to infill this collapse structure (Figure 1.5) (Wilson et al., 1986; Davy and 
Caldwell, 1998; Wilson, 2001).  
Over 99% of the erupted juvenile material was rhyolitic in composition, with the 
remaining <1% consisting of more mafic compositions (Wilson, 2001; Wilson et al., 
2006; Allan et al., 2012, 2013; Allan, 2013). Juvenile products are now recognised to 
fall into six distinct compositional categories, as outlined by Allan (2013): 
Figure 1.5. Spikes in the abundance of juvenile mafic material in the Oruanui fall and PDC deposits. Correlation 
of spikes between fall and flow deposits allowed Wilson (2001) to place PDC deposits into stratigraphic context. 
Modified after Wilson (2001).    
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(1) High-silica rhyolite (HSR; 74-76 wt% whole-rock SiO2), volumetrically 
dominant, present as white pumice in deposits from all eruptive phases. Readily 
identified in hand sample by the presence of quartz, and the dominance of 
orthopyroxene over amphibole. HSR pumices are interpreted as the product of 
cooling and fractionation in the rhyolitic melt-dominant body prior to eruption, 
which drove the magma towards more evolved compositions (Allan, 2013; Allan 
et al., 2013). 
 
(2) Low-silica rhyolite (LSR; <74 wt% whole-rock SiO2), volumetrically 
subordinate to the HSR, also present as white pumice in deposits from all phases 
(although not common outside phases 3 and 6). Recognised in hand specimen by 
the absence of quartz and abundance of amphibole over orthopyroxene. LSR 
pumices are inferred to represent isolated pockets of crystal-poor magma 
Figure 1.6. Map demarcating the outline of the Oruanui structural caldera, and approximate vent locations for 
phases 1-4 of the Oruanui eruption. Modified after Wilson (2001).    
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extracted from the Oruanui source mush zone after the eruption had commenced 
(Allan, 2013; Allan et al., 2013).  
 
(3) Biotite-bearing pumice found exclusively as a volumetrically subordinate 
component of the deposits of phases 1 and 2. The biotite-bearing magma was 
inferred by Allan et al. (2012) to have been derived from the neighbouring NE 
dome magma system, and transported laterally by dike propagation until it 
intersected the Oruanui conduit in the early stages of the eruption. 
 
(4) Tholeiitic juvenile mafic clasts (51.8-64.5 wt% SiO2), described in more detail in 
section 1.6. and the following chapters. 
 
(5) Calc-alkaline juvenile mafic clasts (56.4-63.2 wt% SiO2), also described in 
section 1.6. and the following chapters. 
 
(6) Exceptionally rare streaky grey pumices (60.9-73.3 wt% SiO2) that plot along a 
mixing trend between the least-evolved tholeiitic magma and some HSR 
compositions (Wilson et al., 2006).   
Despite the diversity in the compositions of juvenile products, the Oruanui magma 
chamber was not systematically zoned (stratified). Representative Oruanui rhyolite 
compositional data plotted in order of eruption show that systematic withdrawal of 
the range of rhyolite compositions did not occur (Fig. 19 of Wilson et al., 2006). 
Rhyolite vented during the final stages of the eruption is indistinguishable 
compositionally from the earliest-erupted rhyolite (Wilson et al., 2006). Juvenile 
mafic compositions also do not show systematic compositional variations with 
stratigraphic position (Wilson et al., 2006).  The lack of compositional zoning in 
Oruanui deposits contrasts markedly with those from several other large silicic 
eruptions, including the Bishop Tuff from Long Valley Caldera, USA (Hildreth, 
1979; Hildreth and Wilson, 2007). The absence of systematic compositional zonation 
in the Oruanui deposits, as well as textural and chemical zonation patterns within the 
major mineral phases, suggests vigorous and effective stirring of the chamber must 
have occurred prior to eruption (Wilson et al., 2006; Charlier et al., 2008; Wilson and 
Charlier, 2009; Allan et al., 2013; Allan, 2013).  
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A remarkable finding of recent studies of the Oruanui rhyolites is the rapid timescale 
over which the melt-dominant magma body is inferred to have been assembled. 
Differences in zircon model age spectra between the Oruanui and its predecessor, the 
28.6 ± 1.4 ka Okaia eruption (Lowe et al., 2013), led Wilson and Charlier (2009) to 
conclude that the eruptible melt-dominant Oruanui magma body was physically 
generated during the ~3000 year time gap between these eruptions. This was 
confirmed and constrained further by Allan et al. (2013), who used diffusion 
modelling in orthopyroxene to show extraction of large volumes of melt plus crystals 
from the (long-lived) mush zone source began only ~1600 years prior to the eruption, 
and reached a peak at ~230 years prior to eruption. They inferred that this extremely 
rapid melt extraction, and the unusually large volumes of mafic magmas erupted 
during the Oruanui event, were likely due to an enhanced episode of magma-assisted 
rifting in the Taupo region during the build-up to the eruption.  
 
1.5. THE ORUANUI JUVENILE MAFICS 
The Oruanui juvenile mafic clasts were first described by Sutton (1995) and Sutton 
et al. (1995), who recognised two distinct compositional groups in terms of 
Fe2O3/MgO and TiO2/MgO ratios. Wilson et al. (2006) later refined this 
compositional grouping into a higher FeOt/MgO tholeiitic group and a lower 
FeOt/MgO calc-alkaline group, which plot almost entirely in the relevant fields of 
Miyashiro (1974)1. Tholeiitic samples are characterised by higher Fe2O3, TiO2 MnO 
and Na2O, and lower MgO and CaO for a given silica content, and only very rarely 
contain olivine (Wilson et al., 2006; Allan, 2013). Calc-alkaline samples are more 
restricted in SiO2 composition, and contain ubiquitous phenocrystic olivine (Wilson 
et al., 2006; Allan, 2013). 
Mafic material is present at all stratigraphic levels of the Oruanui deposits as both 
ash-grade material and as scoriaceous clasts up to ~20 cm in diameter. It varies in 
                                                          
1 Use of Miyashiro’s (1974) arbitrary definitions of tholeiitic and calc-alkaline was 
criticised by Arculus (2003), who argued use of the term “calc-alkaline” should be 
restricted to the original formalised definition proposed by Peacock (1931). However, I 
maintain use of the Miyashiro (1974) definition in this thesis due to its still widespread use 
in the literature, and the effectiveness with which it separates the two compositional suites 
of the Oruanui mafic magmas.  
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abundance from ~0.1 to 4 wt%, with peaks in abundance observed in fall units 3 plus 
4, 7 and 9 (Figure 1.5) (Wilson, 2001). Spikes in the abundance of juvenile mafic 
material were a major basis for correlating these fall deposits with their inferred 
coeval PDC deposits (Wilson, 2001). The clasts range in composition from basaltic 
andesite to high-Si andesite, and are inferred to be juvenile on the basis of their 
cauliform or crenulated chilled margins, ingested glassy rhyolitic material, liquid-
liquid contacts with local rinds of white pumice, and quench crystallisation textures 
(Sutton et al., 1995; Wilson, 2001; Wilson et al., 2006). Overall, the mafic magmas 
were inferred by Wilson (2001) to have contributed 3-5 km3 of the total erupted 
magma volume, based on the abundance of ash-grade mafic material in the eruption 
deposits. The relative proportions of the two groups are not well-constrained, 
however, owing to the relative scarcity of macroscopic mafic clasts in the Oruanui 
deposits. 
A key point emphasised by Sutton et al. (1995) and Wilson et al. (2006) was the 
compositional distinction of the Oruanui juvenile mafic magmas from any other 
comparatively mafic suite from the TVZ. Fe2O3 and TiO2 contents for the tholeiitic 
suite are higher than for any other TVZ mafic magmas at a given MgO content 
(Wilson et al., 2006). Calc-alkaline samples, although plotting along the same major 
element trends as Ruapehu and White Island, have distinctly lower Rb/Sr values. 
Both groups are distinguished from most other central TVZ basalts to andesites by 
their higher 87Sr/86Sr ratios, although these do lie within the range of samples from 
Ruapehu and White Island (Figure 1.7). 
The groundmasses of Oruanui juvenile mafic clasts were first described by Wilson et 
al. (2006) as finely crystalline and dominated by plagioclase, with lesser amounts of 
~100 μm-long hornblende and pyroxenes, and ~10-100 μm-long Fe-Ti oxides. 
During a more-detailed textural study of Oruanui juvenile mafic clasts, Allan (2013) 
recognised the presence of thin (generally <5 μm) films of highly silicic melt (>77 
wt% SiO2) coating the groundmass crystals in samples from both compositional 
groups. He suggested the presence of these lubricating rhyolitic melt films could 
explain the plasticity exhibited by the mafic clasts upon ejection from the magma 
chamber, despite having been cooled below their solidus for their respective mafic 
compositions by interaction with the rhyolite. Allan (2013) attributed the highly 
evolved nature of the groundmass glass to extremely rapid crystallisation, resulting  
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from the high degree of undercooling experienced by the mafic magmas when they 
encountered the cooler rhyolite. This is also consistent with groundmass textures of 
the mafic clasts, which predominantly consist of micro-crysts2 with disequilibrium 
habits (acicular, swallowtail and hopper). These groundmass textures are described 
in detail in Section 2.4.3. of this thesis, and examined quantitatively in Chapter 3. 
In-situ chemical analyses of crystal phases in selected mafic samples undertaken by 
Allan (2013) revealed that macro-crystals of plagioclase, orthopyroxene, olivine and 
amphibole almost entirely overlap the major and trace element compositional fields 
defined by the corresponding crystal species in the HSR and LSR; noteworthy 
exceptions are very high-An plagioclase (An85-95) in calc-alkaline clasts, and high-En 
orthopyroxenes and some of the least evolved amphiboles (Eu/Eu*>~0.8) in the 
tholeiitic clasts. These findings suggest two-way exchange of macro-crystals 
occurred between the Oruanui rhyolite and the mafic magmas during mingling 
                                                          
2 For simplicity, all groundmass crystals (< 500 µm in length, excluding the coarsest 
sample, P581, where they are up to ~2 mm) are referred to as micro-crysts in this thesis.  
Figure 1.7. Plot of 87Sr/86Sr vs. Rb/Zr, highlighting the contrast between the Oruanui mafic 
magmas (representative data plotted), other mafic magmas from the TVZ, and the Oruanui 
rhyolites. Modified after Sutton (1995) and Wilson et al. (2006). 
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between the mafic and felsic magmas. Allan (2013) reasoned that only 
clinopyroxenes, which are extremely rare in the Oruanui rhyolites (and interpreted to 
be xenocrysts), and other crystals with compositions more primitive than those 
phenocrystic to the rhyolites (notably the olivines), can be considered to be true 
phenocrysts of the mafic magmas. Allan (2013) noted that whole rock data patterns 
for the mafic clasts tend to trend toward LSR compositions rather than the 
volumetrically dominant HSR, with the exception of three samples that plot towards 
HSR compositions. He therefore suggested that the mafic magmas dominantly 
interacted with the Oruanui crystal mush, the melt-dominant portions of which were 
syn-eruptively sampled by the LSR, rather than the overlying HSR melt-dominant 
magma body. 
Wilson et al. (2006) argued that both mafic magmas must have entered the Oruanui 
magma chamber only a short time prior to eruption on the basis that they were still 
liquid when ejected (as evidenced by their plastic deformation). They therefore 
suggested that the mafic magmas likely primed or triggered the eruption through 
over-pressurisation of the chamber, and weakening of the crust resulting from fault 
activation associated with the propagation of mafic feeder dikes (cf. Sparks et al., 
1977; Blake, 1981). In line with this conclusion, re-mobilisation of crystal-rich mush 
zones by intruding mafic magmas has been implicated as an eruptive trigger in 
several recent studies (e.g. Pallister et al., 1992; Murphy et al., 2000; Bachmann et 
al., 2002; Leonard et al., 2002; Bachmann and Bergantz, 2006). However, Allan et 
al. (2012) demonstrated the importance of rifting processes in triggering and 
modulating the eruption, and down-temperature compositional signatures in rim 
zones of the main crystal phases in the Oruanui rhyolite (e.g., decreasing plagioclase 
An content, decreasing orthopyroxene En content) led Allan (2013) to rule out 
triggering of the Oruanui eruption by thermal defrosting of the Oruanui mush zone 
associated with mafic recharge. Any possible role the mafic magmas played in 
triggering the eruption must therefore be have been limited to short-term processes 
accompanying rifting.  
Fe-Ti interdiffusion modelling in compositionally zoned magnetite crystals was used 
by Allan (2013) to calculate the timescale(s) over which pre-eruptive mafic-felsic 
mingling occurred. The results yielded timescales between 6.7 and 37 hours, with the 
majority being <18 hours. Allan (2013) interpreted these results to represent the 
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timing of syn-eruptive mixing of the mafic and felsic magmas prior to quenching at 
the surface. Given that the samples used for diffusion modelling were all derived 
from the ignimbrite of phase 7, combined with the scarcity of juvenile mafic material 
in the deposits of phases 1 and 2, and field evidence for time breaks between some 
phases (Wilson, 2001), he suggested the Fe-Ti oxide zonation reflects syn-eruptive 
inputs of fresh mafic magma prior to the onset of phase 7. 
These previous studies of the Oruanui eruption and its juvenile mafic components 
provide a strong framework within which to further investigate the mafic magmas 
and the nature of their interaction with the volumetrically-dominant rhyolite magma 
body. The subsequent chapters of this thesis build on this earlier work, significantly 
expanding pre-existing whole-rock and mineral-specific geochemical datasets, and 
introducing quantitative textural data from the groundmasses of mafic clasts. 
Together, these chemical and textural data provide new insights into the processes of 
mafic-felsic interactions occurring in the pre- and syn-eruptive Oruanui magma body.     
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2. Whole-Rock Geochemistry and General 
Petrography  
 
2.1. MACROSCOPIC TEXTURES  
The Oruanui mafic clasts were originally inferred to be juvenile by Sutton (1995), 
Sutton et al. (1995) and Wilson (2001), primarily on the basis of macroscopic 
textures: ubiquitous chilled margins, crenulate or cauliform shapes, pumiceous 
rhyolite glass adhering to their surfaces, and ingestion of rhyolitic glass and felsic 
crystals into the centre of the clasts. These textures are documented in this section.  
Hand-specimen-sized mafic clasts occur as light- to dark-grey, sub-rounded to sub-
angular blebs ranging from <1 cm to ~15 cm in diameter (Figure 2.1), inferred to 
represent individual pyroclasts. Rare tabular blocks up to ~19 cm in length (e.g. 
P661, P2267; Figure 2.1c, d) and with some curved smooth faces are inferred to 
represent dike fragments. All clasts display an adhering rind of white or orange-
stained felsic glass on all or part of their margins. Many samples are fragmented, 
displaying a knobbly outer margin with adhering felsic glass, and one or more 
smooth fracture faces. Sample P972 shows a unique fluidal texture, with sub-
parallel flow lines preserved along its margin. No systematic relationships between 
either clast colour or shape and whole-rock chemistry are observed for clasts from 
either compositional group. 
Felsic material is commonly observed ingested into the cores of clasts of all sizes, 
either as clusters of felsic crystals (Figure 2.1d), or sheared out bands of felsic 
crystals and glass (Figure 2.1e, f). Infilling of vesicles with felsic glass is common 
near the margins of clasts. The extent of ingestion of felsic material is highly 
variable, with some clasts demonstrating extensive inheritance of felsic components 
(e.g. P2267; Figure 2.1d), and others containing only sparse rhyolite-derived 
material. 
Previous workers (Wilson et al., 2006; Allan, 2013) have suggested that the 
tholeiitic and calc-alkaline compositional groups can be distinguished in the field 
based on physical appearance. In particular, they noted the tholeiitic clasts tend to 
have a more “mushy” or microcrystalline groundmass, compared with the calc- 
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alkaline samples which appeared glassier. However, inspection of a larger number 
of samples from both compositional groups during this research has shown that 
distinguishing between the groups solely on the basis of physical appearance is 
extremely difficult. Many calc-alkaline samples have in fact a “sugary” or 
microcrystalline appearance reminiscent of many tholeiitic samples. Only where 
abundant phenocrystic olivine, an extremely rare phase in the tholeiitic samples, is 
present can clasts be reliably assigned to the calc-alkaline group based solely on 
appearance in hand-specimen. 
 
Figure 2.1. Representative example photographs of Oruanui juvenile mafic clasts. a) P919. Sub-angular clast 
with knobbly margin and adhering orange-brown felsic glass. b) P942. Selection of small sub-angular to sub-
rounded clasts with adhering felsic glass and fresh (fractured) faces. c) P661 and d) P2267. Tabular mafic clasts 
with shroud of felsic glass. e) P658 and f) P1948-1. Mafic clasts with sheared bands of felsic material penetrating 
into their cores.  
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2.2.WHOLE-ROCK MAJOR ELEMENT CHEMISTRY 
 
2.2.1. Previous whole-rock datasets and compositional groupings 
The first whole-rock compositional data for the Oruanui juvenile mafic clasts were 
presented by Sutton (1995), based on XRF analysis of 26 clasts. Two distinct 
compositional groups were recognised in terms of FeOt/MgO and TiO2/MgO ratios, 
leading him to classify samples as either “high Fe, Ti mafics” (HFTM) or “low Fe, 
Ti mafics” (LFTM). Wilson et al. (2006) re-analysed and published the data used 
by Sutton (1995), and refined Sutton’s compositional grouping into a higher 
FeOt/MgO tholeiitic group, and a lower FeOt/MgO calc-alkaline group. Additional 
whole-rock data were subsequently presented by Allan (2013). 
For this study, five new whole-rock major element X-ray fluorescence (XRF) 
analyses (Table 2.1.) have been added to the pre-existing dataset of Oruanui 
juvenile mafic compositions. A complete whole-rock compositional dataset, of 82 
analyses of 42 distinct clasts, is compiled in the electronic appendix. 
 
2.2.2. Whole-rock major element analysis methods: X-ray fluorescence 
(XRF) 
Mafic clasts large enough for analysis (>~5 cm diameter) were cut with a diamond 
saw to remove any silicic material adhering to their margin. Samples were then 
crushed to ~5 mm chips using the Rocklabs Boyd crusher at Victoria University of 
Wellington. Chips free of any felsic contamination were carefully handpicked for 
analysis to ensure results were representative of the mafic endmember, then 
powdered using an agate mortar and pestle.  
Powders were made into fused lithium metaborate glass discs, and major element 
oxide compositions were determined by X-ray fluorescence (XRF) following the 
methods of Ramsey et al. (1995). Disc making and analysis was performed by John 
Watson at the Open University, using an ARL 8420+ wavelength dispersive XRF 
spectrometer. Internal standards WS-E (Whin Sill dolerite) and OU-3 (Nanhoron 
microgranite) were analysed during the same sessions to monitor precision and 
accuracy. Approximate 2 standard deviation (2 SD) analytical precisions for each  
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element, determined by 4 replicate analyses of each standard, are generally <2 
relative %. Average values for each standard are generally within 1% of 
recommended values, indicating a high level of accuracy in the XRF analyses.   
 
2.2.3. Whole-rock major element compositions 
Bulk compositions of Oruanui juvenile mafic clasts range from 52-64.5 wt% SiO2: 
basalt to high-SiO2 andesite in the total alkali-silica (TAS) classification scheme of 
Le Bas et al. (1986). Tholeiitic clasts define this range in SiO2, whilst calc-alkaline 
clasts show a more narrow variation, ranging from 56.5-63 wt% SiO2, as previously 
reported by Wilson et al. (2006). The tholeiitic and calc-alkaline groups plot almost 
entirely in the relevant fields of Miyashiro (1974) (Figure 2.2). 
Plots of major elements against SiO2 are shown in Figure 2.3. As noted previously 
by Sutton (1995), Wilson et al. (2006) and Allan (2013), tholeiitic samples contain 
higher Fe2O3, TiO2, and generally Na2O, and lower CaO and MgO for a given SiO2 
Table 2.1. New whole-rock major element XRF data, with values given as weight percentages. All Fe as Fe2O3.  
Data are normalised to 100% volatile-free basis, but original loss on ignition (LOI) and analytical totals are 
given.  
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content. Considerable overlap exists for Al2O3, K2O and P2O5 contents at a given 
value of SiO2; however, tholeiitic samples extend to much higher P2O5 contents.  
Strong linear trends are observed between SiO2 and most major oxides for the 
tholeiitic suite, with the exceptions of Al2O3 and P2O5 (Figure 2.3). Previous studies 
(Sutton, 1995; Sutton et al., 1995; Wilson et al., 2006) have noted a poor correlation 
between SiO2 and many major elements for the calc-alkaline suite. However, the 
new compositional data generated by Allan (2013), and in this study, make 
correlations between SiO2 and many elements for the calc-alkaline group appear 
more clearly defined.  
 
 
 
 
Figure 2.2. FeO*/MgO versus SiO2 plot (after Miyashiro, 1974) for Oruanui juvenile mafic clasts, with clasts 
belonging to the calc-alkaline compositional suite shown in blue, and those belonging to the tholeiitic suite 
shown in red. Circles, diamonds, squares and triangles denote data from Sutton (1995), Wilson et al. (2006), 
Allan (2013), and this study, respectively. Clasts chosen for detailed groundmass textural analysis (Chapter 3) 
are labelled.  
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Figure 2.3. Plots of major element oxides against SiO2 for Oruanui juvenile mafic clasts. Data from the calc-
alkaline and tholeiitic groups are shown in blue and red, respectively. Circles, diamonds, squares and triangles 
denote data from Sutton (1995), Wilson et al. (2006), Allan (2013) and this study, respectively.  
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2.3. WHOLE-ROCK TRACE ELEMENT CHEMISTRY 
Six new whole-rock trace element analyses of Oruanui juvenile mafic clasts were 
performed for this study, and have been added to the pre-existing dataset of trace 
element compositions. The full set of trace element data comprising analyses from 
Sutton (1995), Wilson et al. (2006), Allan (2013), and this study is included in the 
electronic appendix.    
 
2.3.1. Whole-rock trace element analysis methods: Solution Inductively-
Coupled Plasma Mass Spectrometry (ICP-MS) 
 
2.3.1.1. Sample digestion  
Samples selected for trace element analysis were crushed and powdered following 
the same method as for major element XRF analyses. For each sample, 50-100 mg 
of powder was weighed in a pre-cleaned 23 mL Savillex teflon beaker using a high 
precision balance (± 0.0001 g). Samples and international reference standards 
BHVO-2 and BCR-2 were then dissolved following conventional open beaker 
digestion methods, using ~20 drops of concentrated nitric acid (16 M HNO3) and 
~45 drops of concentrated hydrofluoric acid (29 M HF). All acids used for digestion 
and dilution were OptimaTM ultra-pure grade acids.  
 
Whole-rock powder and acid mixtures were heated on a hotplate in sealed Savillex 
beakers for 3-4 days at 120˚C to ensure complete digestion. The resultant solutions 
were evaporated to incipient dryness at 120˚C, with care taken to avoid overdrying 
which can result in sample loss by static and/or formation of insoluble fluorides. 
Any traces of HF were driven off by adding ~2 mL of concentrated HNO3 and 
evaporating to dryness, twice. Samples were then refluxed in ~5 mL of 6M HCL at 
120˚C overnight. Solutions were checked to ensure complete dissolution, before the 
HCl was evaporated to dryness. Sample cakes were then covered with concentrated 
HNO3 and evaporated to convert the sample back to nitric form, before refluxing in 
9 mL of 1 M HNO3 at 120˚C for a further 2-3 days.  
 
The final solutions were quantitatively transferred into pre-cleaned 10 mL 
polyethylene centrifuge-tubes, and weighed on a high-precision balance (± 0.0001 
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g).  The tubes were centrifuged at 2000 rpm for 5 minutes to confirm all samples 
were fully dissolved and no solids remained. After centrifuging, dilutions of the 
samples were produced by transferring and precisely weighing aliquots of the 
sample into another pre-cleaned centrifuge tube, before topping up with 9 mL of 
1% HNO3 and weighing again to enable accurate calculation of a dilution factor for 
each sample.   
 
 
2.3.1.2. Analysis by ICP-MS 
  
Whole-rock trace element analysis was performed by solution ICP-MS at Victoria 
University of Wellington, using a Thermo-Fisher Element2 sector-field ICP-MS 
equipped with an ESI auto sampler.  
 
Tuning of the mass spectrometer was performed using a 1 ppb multi element 
standard tuning solution, with parameters such as the ICP torch position and 
carrier/make-up gas flows adjusted to minimise the relative standard deviation 
(RSD) of counts, typically to <1% on monitored masses, and to optimise sensitivity. 
Generation of oxides was monitored using measured UO+/U+ (<6-7 %), BaO+/Ba+ 
(<0. 3 %) and Ba++/Ba+ (<4 %) ratios. The instrument was operated at increased 
mass resolution for selected isotopes to enable resolution of the elemental peak from 
common spectral inferences (e.g. 45Sc, 47Ti, 51V, 52Cr, 59Co, 60Ni, 63Cu, 66Zn, 69Ga), 
or to reduce counts for particularly abundant isotopes (e.g. 25Mg, 43Ca, 55Mn).  
 
Sample solutions were each measured for a total time of 240 s. Background counts 
were measured for the same count time using a 1% Optima HNO3 acid blank 
periodically throughout the analytical sequence. Two consecutive rinses in 5 % 
Optima HNO3 for 470 s and 1 % Optima HNO3 for 240 s were used to wash out the 
autosampler lines and mass spectrometer between analyses.  
 
Concentrations were calculated by sample-standard bracketing, using the USGS 
standard BHVO-2 as a calibration standard. USGS standard BCR-2 was employed 
as a secondary standard to assess the accuracy of analyses. Reference values for 
standards were compiled from the GeoReM database of preferred values 
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(http://georem.mpch-mainz.gwdg.de/) (see appendix, Table A1.2.). Samples were 
analysed in a looped sequence, beginning with the primary standard (BHVO-2), 
followed by 3-4 samples, the secondary standard (BCR-2), and finishing with the 
primary standard. Following the analytical run, it was ensured that counts for all 
elements in the procedural blank were within the range of background count levels. 
Background counts per second (CPS) from analyses of 1% Optima HNO3 acid 
blanks were then subtracted from counts for each sample and standard analysis, and 
concentrations of each trace element were calculated relative to the calibration 
(BHVO-2) standard using the relationship: 
 
𝑆𝑎𝑚𝑝𝑙𝑒 𝐶𝑖 =  (𝑆𝑎𝑚𝑝𝑙𝑒𝐶𝑃𝑆 𝐵𝐻𝑉𝑂𝐶𝑃𝑆⁄ ) 𝑥 (𝑆𝑎𝑚𝑝𝑙𝑒𝐷𝑖𝑙 𝐵𝐻𝑉𝑂𝐷𝑖𝑙⁄ ) 𝑥 𝑅𝑒𝑓 (1) 
 
where Ci is the concentration of the isotope of interest, XCPS is counts per second 
after background subtraction, XDil is the concentration of material in the dilution 
aliquots, and Ref is the reference value of the BHVO-2 standard.  
 
The measured concentration of 43Ca was used to apply an internal correction to the 
data, as CaO concentrations of powdered samples had previously been determined 
to ±1 wt% by XRF (see section 2.2.2). This method enables any sample loss during 
preparation to be identified and corrected for. Corrections were applied following 
the relationship: 
 
𝑆𝑎𝑚𝑝𝑙𝑒 𝐶𝑖 (𝐶𝑎 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑)  =  𝑒𝑞. (1) 𝑥 (𝐶𝐶𝑎𝑋𝑅𝐹/𝐶𝐶𝑎𝐼𝐶𝑃 − 𝑀𝑆)   (2) 
 
Where CCa is the measured concentration of Ca. 
 
Trace element analyses of the secondary standard, BCR-2, were accurate to <5 % 
of preferred values, with the exceptions of Li, Nb, Cs, Nd, Sm, Tb, Dy, Tm, Lu, and 
Pb (<10 %) (see appendix, Table A1.3.). 
The reproducibility of sample analyses was tested by analysis of a full dissolution 
duplicate of sample P560. Most elements reproduce to < ±3 %, with the exceptions 
of Cs, La, Pr, Dy and Lu (< ±5 %), and Tb, Tm and Pb (< ±7 %) (see appendix, 
Table A1.4.). The high degree of reproducibility for most elements reflects the  
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Figure 2.4. a-g) Plots of selected trace elements against SiO2 for Oruanui juvenile mafic clasts. Data from the 
calc-alkaline and tholeiitic groups are shown in blue and red, respectively. Squares and triangles denote data 
from Sutton (1995) and this study, respectively. h) Plot of Eu anomalies vs. SiO2, showing the boundary 
between plagioclase accumulation and fractionation.  
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precision of the analytical technique used, as well as the reliability of the sample 
preparation procedure, and the homogeneity of the powders used for analysis. 
 
2.3.2. Whole-rock trace element compositions 
New whole-rock trace element data for the tholeiitic clasts plot largely within the 
compositional fields defined in previous studies (Sutton, 1995; Wilson et al., 2006; 
Allan, 2013). However, new data for calc-alkaline clasts, which include trace 
element compositions for clasts more evolved than any previously analysed, extend 
the compositional range for most elements (representative trace elements plots 
shown in Figure 2.4).  
Strong compositional overlap occurs between tholeiitic and calc-alkaline clasts for 
most trace elements at a given SiO2 content. Tholeiitic clasts, however, show 
ubiquitously lower Cr and Ni, and higher Sr, Zn and Ga at a given SiO2 content than 
the calc-alkaline clasts. For both compositional groups, Rb, Y, Zr, Nb, Cs, Ba, Hf, 
Ta, most rare earth elements (excluding Eu, which shows considerable scatter), Th 
and U all increase uniformly with increasing SiO2, whilst Sc, V, Co and Sr decrease. 
Eu anomalies3 are >1 for the majority of clasts from both compositional groups, 
indicative of plagioclase accumulation. Only the two most-evolved calc-alkaline 
clasts, and the most-evolved tholeiitic clast, have Eu/Eu* <1, indicating plagioclase 
fractionation.  
 
2.4. GENERAL PETROGRAPHY  
The first petrographic descriptions of Oruanui juvenile mafic clasts were made by 
Sutton (1995), and subsequently modified by Wilson et al. (2006) and Allan (2013). 
These prior documentations are updated in this section in the light of inspection of 
a wider range of juvenile mafic samples in thin section. The descriptions presented 
here are general, semi-quantitative, and based purely on documentation of textural  
                                                          
3 Calculated as Eu/Eu* = EuN/(SmN*GdN)-1/2, with all elements normalised to the chondrite   
values of McDonough and Sun (1995). 
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and mineralogical features in thin section. Quantitative analysis of groundmass 
textural features, and a detailed discussion of the geochemistry of mineral phases 
and glass in the mafic clasts form the basis of chapters 3 and 4, respectively. 
 
 
 
 
Figure 2.5 Photomicrographs (cross-polarised light) of selected plagioclase macro-crystals from tholeiitic 
samples. a) P1733. b), c) P574. d) P572. e) P651. f) P658. 
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2.4.1. Tholeiitic clasts: macro-petrography 
All tholeiitic clasts have <15 vol% macroscopic4 crystals (most have <5-10 %) and 
are poorly vesicular (<20 vol%), with microcrystalline groundmasses composed of 
plagioclase, amphibole and Fe-Ti oxide micro-crysts, and interstitial rhyolitic glass. 
Macro-crystal content, vesicularity and groundmass texture are all highly variable 
between clasts, and show no simple or definable relationship to whole-rock 
geochemistry. Groundmass petrography is described in Section 2.4.3. 
Macro-crystal assemblages in the tholeiitic clasts are dominated by plagioclase, 
which generally represents ~60-90+ vol% of all phenocrysts within a clast. Textures 
displayed by plagioclase macro-crystals are remarkably diverse (Figure 2.5). 
Euhedral crystals are generally lath-shaped to tabular, however subhedral to 
anhedral crystals are also common, generally comprising ~20-25 % of the 
plagioclase population. Optical zoning patterns may be complex. Sieve textures are 
abundant, and vary from coarse spongy textures to very fine pervasive sieve textures 
with narrow (~20 µm) melt channels. Clear overgrowth rims are frequently 
observed on both zoned and sieve-textured plagioclase. Plagioclase may occur as 
glomerocrysts with or without other mineral phases such as pyroxenes and Fe-Ti 
oxides. Occasional needle-shaped inclusions of apatite are observed in plagioclase 
macro-crystals within some clasts. 
Pyroxene macro-crystals are subordinate in abundance to plagioclase, generally 
comprising ~5-20 vol% of phenocrysts within a given clast. Orthopyroxene is 
generally dominant over clinopyroxene, and occurs most commonly as euhedral 
tabular to equant crystals up to ~2 mm long (Figure 2.6). Many orthopyroxenes 
display fine sieve textures, and larger melt inclusions up to ~100 µm, giving a 
spongy texture, are also present in some samples.  Clinopyroxene occurs as 
generally euhedral-subhedral crystals up to ~1 mm long (Figure 2.7). Intergrowths 
with, or inclusions of, Fe-Ti oxides, and needle-shaped apatite inclusions are  
                                                          
4 >500 µm in maximum length, excluding groundmass crystals in the coarsest sample, P581, 
which reach up to ~2 mm length. 
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Figure 2.6. Photomicrographs (cross-polarised light) of selected orthopyroxene macro-crystals from tholeiitic 
samples. a) P541. b), c) P1514. d) P581. Note the amphibole overgrowths on the pyroxenes in c) and d). Large 
melt inclusions (MI), Fe-Ti oxides (Ox), and rod-shaped inclusions of apatite (Ap) are labelled in a). 
Figure 2.7. Photomicrographs (cross-polarised light) of selected clinopyroxene macro-crystals from tholeiitic 
samples. a) P1948-3. b) P742. c) P661. d) P1975. Note the overgrowths of groundmass amphibole in a). 
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common in both pyroxenes. Overgrowths of amphibole are observed on some 
pyroxene crystals.      
Fe-Ti oxides (titanomagnetite > ilmenite) ~500 µm in maximum length comprise a 
minor proportion (<5-10 vol%) of macro-crystals in all tholeiitic samples. 
Association with pyroxenes is common. 
Amphibole is present in 28 of the 32 tholeiitic samples examined in thin section. It 
generally comprises  <5-10 vol% of the macro-crystals within a given clast, and 
occurs as euhedral-subhedral crystals up to ~6 mm long, occasionally with 
embayments or reaction coronas (Figure 2.8).   
 
 
Figure 2.8. Photomicrographs (cross-polarised light) of selected amphibole macro-crystals from tholeiitic 
samples. a) P658. b) P697. c) P1731. d) P1644. e) P1976. f) P1948-1.  
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Olivine macro-crystals are exceedingly rare in tholeiitic samples, only occurring in 
7 of the 32 samples (P658, P1644, P1730, P1733, P1735, P1940, P1975) examined 
in thin section. It occurs as subhedral-anhedral crystals up to ~1.5 mm long, often 
with large embayments and zones of alteration along margins and internal fractures 
(Figure 2.9).  
Quartz is notably absent in all tholeiitic clasts, except for a single crystal identified 
in clast P1948-3 during a reconnaissance survey of the crystal population by energy 
dispersive spectrometry (EDS).  
Although common as inclusions in plagioclase and pyroxene, apatite is exceedingly 
rare as a discrete phase. During a thorough EDS survey of the macro crystal 
populations of 12 tholeiitic clasts, discrete apatites were found only in two: P1514 
and P742. A single zircon, ~100 µm in longest dimension, was also identified in 
P742.  
 
 
 
Figure 2.9. Photomicrographs (cross-polarised light) of selected olivine macro-crystals from tholeiitic samples. 
a) P1975. b) P658. c) P1940. d) P1730. Note the partial dissolution of the majority of the crystals, and the 
alteration visible along internal cracks.  
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2.4.2. Calc-alkaline clasts: macro-petrography 
Calc-alkaline Oruanui juvenile mafic clasts have <15 vol% macroscopic (>500 µm) 
crystals, although they tend to have more macro-crystals than the tholeiitic clasts. 
Vesicle contents are generally ~5-10 vol%, but may be as low as ~1-2 vol% (e.g. 
P560).  Much like the tholeiitic clasts, macro-crystal content, vesicularity and 
groundmass textures vary significantly between clasts, and are not related in any 
simple or systematic way to whole-rock composition. Groundmass petrography is 
outlined in Section 2.4.3. 
Plagioclase is the most abundant phase in the calc-alkaline samples, accounting for 
~70-95+ vol% of all macro-crystals in a given clast. Textures are diverse (Figure 
2.10), with tabular to lath-shaped crystals, common optical zoning, and sieve 
textures ranging from coarse spongy zones in crystal cores to pervasive fine melt 
channels. Narrow overgrowth zones free of melt inclusions are generally present on 
sieve-textured crystals. Euhedral tabular crystals with hollow cores infilled with 
microcrystalline groundmass are common. Calc-alkaline clasts are distinguished 
from the tholeiitic clasts in thin section by the presence of a sub-population of often-
euhedral plagioclase crystals with dusty marginal zones of melt inclusions (Figure 
2.9f), suggestive of dissolution (cf. Tsuchiyama, 1985). Narrow melt inclusion-free 
rims are often observed outside of the dusty zone.   
Olivine is present as a macro-crystal phase in all calc-alkaline clasts studied (Figure 
2.11), generally comprising ~5-10 vol% of macro-crystals within a sample and 
reaching up to ~3.5 mm long. Most olivines are euhedral-subhedral, and embayed 
margins or cores infilled with crystalline groundmass are common. Many examples 
occur as glomerocrysts. Alteration is frequently observed along margins and 
internal fractures.   
Orthopyroxene occurs sparsely in calc-alkaline clasts as euhedral, tabular to equant 
crystals up to ~2 mm long, commonly containing inclusions of Fe-Ti oxides, apatite 
needles and glass (Figure 2.12). A thin reaction rim is present on some crystals. 
Clinopyroxene is rare (only ~1-2 % of the macro-crystal population), present in ~75 
% of calc-alkaline samples as euhedral-subhedral, subequant to elongate crystals 
<1 mm long, often with overgrowths of amphibole (Figure 2.13).  
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Amphibole is present in 80 % of calc-alkaline clasts as a subordinate anhedral-
euhedral macro-crystal phase, commonly with reaction coronas (Figure 2.14).  
Fe-Ti oxides (titanomagnetite > ilmenite) ~500 µm in longest dimension form a 
minor component (<5 vol% of macro-crystals) in all calc-alkaline clasts, often 
partly or wholly included within pyroxenes.  
 
Figure 2.10. Photomicrographs (cross-polarised light) of selected plagioclase macro-crystals from calc-alkaline 
clasts. a) P573. Note the large melt inclusions giving a “spongy” appearance to the leftmost crystal. b) P987. 
Dissolution of the crystal’s core has left void space, which has been partially infilled with crystalline 
groundmass. c), d) P585. Note the fine pervasive sieve texture and clear narrow overgrowth rim in the crystals 
shown in c), and the hollow interior infilled with groundmass in d).  e) P949. Note the pervasive oscillatory 
zoning. f) P1643. Example of a plagioclase with a “dusty margin” unique to the calc-alkaline suite, and a narrow 
clear overgrowth rim.  
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Figure 2.11. Photomicrographs (cross-polarised light) of olivine macro-crystals from selected calc-alkaline 
clasts. a), b) P573. c) P1643. d) P573. e) P1643. f) P987. Note the rounded and/or embayed margins, indicative 
of dissolution, and the obvious alteration occurring along margins and internal cracks.  
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Figure 2.12. Photomicrographs (cross-polarised light) of orthopyroxene macro-crystals from selected calc-
alkaline clasts. a) P919. b) P585. c) P950. d) P1643. Fe-Ti oxide (Ox), apatite (Ap) and melt (MI) inclusions 
are labelled.  
Figure 2.13. Photomicrographs (cross-polarised light) of clinopyroxene macro-crystals from selected calc-
alkaline clasts. a) P949. b) P1643.   
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2.4.3. Groundmass petrography 
The groundmasses of both tholeiitic and calc-alkaline Oruanui juvenile mafic clasts 
consist of a framework of acicular (2-D aspect ratios >10:1) and bladed (2-D aspect 
ratios <10:1) plagioclase and amphibole micro-crysts, with micro-inclusions of Fe-
Ti oxides, interstitial glass, and angular diktytaxitic voids (Figure 2.15). Sub-equant 
clinopyroxene also occurs throughout the groundmasses of calc-alkaline clasts, and 
a single tholeiitic clast, P541. Such textures are typical of rapid quench 
crystallisation (cf. Bacon, 1986), and were a major factor in the interpretation of the 
clasts as juvenile products (Sutton, 1995; Sutton et al., 1995; Wilson, 2001; Wilson 
et al., 2006). Groundmass textures displayed by different clasts are highly variable, 
with a wide range in grain sizes and porosities, and variability in the relative 
abundance of mineral phases, particularly plagioclase and amphibole. These 
textural differences are described quantitatively in Chapter 3.  
Figure 2.14. Photomicrographs (cross-polarised light) of amphibole macro-crystals from selected calc-
alkaline clasts. a) P585. b) P560. c) P949. d) P987. Note the fine-grained reaction coronas in a), b) and d). 
44 
 
 
Figure 2.15. Photomicrographs (cross polarised light) of groundmass from selected clasts, highlighting some 
of the textural diversity present within the sample suite. a) P581 (tholeiitic). b) P1514 (tholeiitic). c) P661 
(tholeiitic). d) P1645 (tholeiitic). e) P919 (calc-alkaline). f) P1643 (calc-alkaline). g) P987 (calc-alkaline). h) 
P585 (calc-alkaline). Note the presence of subequant clinopyroxene (second order colours) in the calc-alkaline 
clasts.     
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A common feature of the groundmass crystallisation of many Oruanui mafic clasts 
is the presence of micro-crysts with hollow cores or swallowtail terminations, 
indicative of very rapid growth (Lofgren, 1980; Hammer and Rutherford, 2002; 
Shea and Hammer, 2013). Swallowtail and hopper plagioclases are common in the 
groundmasses of many samples (Figure 2.16), as are hopper amphiboles with 
hollow tubules along their crystallographic c-axes (Figure 2.17).  
 
 
Clusters of micro-crysts radiating from a common nucleation point (usually a small 
vesicle) are present in a number of Oruanui juvenile mafic clasts. Most clusters form 
fan or bow-tie shapes (Figure 2.18; terminology of Lofgren, 1974), with less 
common stellate forms in several samples (Figure 2.19). Fans and bow-ties of 
plagioclase tend to be fine and feathery, with individual crystals comprising these 
structures often being much finer (<10 µm wide) than other groundmass plagioclase 
from the same clast. In contrast, amphibole fans and bow-ties tend to be coarser,  
Figure 2.16. Photomicrographs (cross polarised light) of groundmass from selected clasts, showing hopper and 
swallowtail crystal morphologies. a) Hopper plagioclase visible near the margin of clast P1974. b) Hopper and 
swallowtail plagioclase in sample P1730. c) Swallowtail plagioclase in P742. d) Hopper plagioclase in sample 
P1572.   
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Figure 2.18. Photomicrographs (cross-polarised light) showing fan and bow-tie spherulites in selected clasts. a) 
Feathery fan spherulites of fibrous plagioclase in P1572. b) Fan of amphibole in P1974. c) Bow-tie spherulite 
of fine plagioclase in sample P1514. d) Bow-tie spherulite of amphibole in P1572. e) Amphibole bow-tie 
spherulites in P575. f) Amphibole bow-tie spherulite P1645.   
Figure 2.19. Photomicrographs (cross-polarised light) of stellate amphibole spherulites in a) P1514 and b) P581. 
Both have nucleated on small vesicles, which can be observed at the centre of each cluster.  
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with individual crystals comprising these structures not differing significantly in 
grainsize from other groundmass amphibole within the same clast.  The majority of 
stellate clusters are comprised entirely of amphibole, although some also include 
plagioclase. All radiating crystal clusters occurring in the Oruanui mafic clasts can 
collectively be called spherulites by the terminology of Lofgren (1974).    
A summary of the occurrence of swallowtail, hopper and hollow crystals, and radial 
crystal clusters in the Oruanui mafic clast sample set is included in Table 2.2. 
 
2.4.4. Other micro-features 
Both compositional groups of clasts show evidence for interaction with silicic melt 
(Oruanui rhyolite compositional data presented by Wilson et al., 2006 and Allan, 
2013) at their margins, where highly vesicular glass (often with a macro-crystal 
cargo) is commonly observed adhering to or penetrating the outer surfaces (Figure 
2.20). There is evidence for this material reaching into the innermost cores of 
several clasts, up to ~3-4 cm from the clast margin (Figure 2.21) 
 
 
Figure 2.20. Photomicrographs (plane-polarised light) showing evidence for ingestion of felsic material at clast 
margins. The central images are flatbed scans of thin sections P572 (tholeiitic) and P1664 (calc-alkaline), with 
the boxes showing the locations of the respective photomicrographs. Note the macro-crystal of plagioclase at the 
far right of image b), interpreted as a rhyolite-derived crystal being ingested into the mafic magma.  
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Table 2.2. Summary of the occurrence of quench crystal morphologies and radial crystal clusters in the groundmasses of the Oruanui juvenile mafic clast sample set. Black circles 
denote the presence of each respective feature. n.d. = not determined, as clast was too small for XRF analysis.  
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Vesicles partially infilled with colourless or brown glassy material are common in 
mafic clasts from both compositional groups (Figure 2.22). These features are 
interpreted as segregation vesicles, infilled with residual liquid during the late 
stages of crystallisation of the mafic magmas. A gas-driven filter-pressing process 
similar to that described by Anderson et al. (1984) and Sisson and Bacon (1999), 
and commonly evoked to explain the occurrence of segregation vesicles in mafic 
inclusions (e.g. Bacon, 1986; Sisson and Bacon, 1999), is envisaged as the most  
 
Figure 2.21. Left: Flatbed scan of a thin section of P1948-1, showing clear evidence for incorporation of felsic 
material into the core of the clast. The box shows the location of the photomicrograph. Right: Photomicrograph 
(plane polarised light) of felsic contamination in the core of P1948-1. The large macro-crystals are plagioclase, 
interpreted to represent a cargo of rhyolite-derived crystals ingested into the core of the mafic clast.  
 
Figure 2.22. Photomicrographs (plane polarised light) of glass-filled vesicles in juvenile mafic clasts. Small 
plagioclase crystals can be seen suspended in the brown glass in a) (P742), b) (P1392) and c) (P1645). Elongate 
bubbles are visible in the glassy blebs on the walls of the vesicle in d) (P574).  
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likely mechanism of their formation. In several samples the material infilling the 
vesicles contains fine fan structures of fibrous plagioclase (Figure 2.23). 
 
2.5. SUMMARY 
Characteristic macroscopic features displayed by the Oruanui mafic clasts, 
including chilled margins, cauliform shapes, adhering pumiceous rhyolitic glass, 
and ingestion of felsic material into their cores, are indicative of interaction with 
rhyolitic magma whilst still liquid. Consequently, the clasts have been inferred to 
be juvenile, representing blebs of mafic magma quenched by the cooler Oruanui 
rhyolite (Sutton, 1995; Sutton et al., 1995; Wilson, 2001). 
Two distinct groups of clast, tholeiitic and calc-alkaline, are recognised with respect 
to whole-rock geochemistry. Whole-rock compositions in the tholeiitic suite range 
from 52-64.5 wt% SiO2, whilst calc-alkaline clasts show a more narrow variation, 
from 56.5-63 wt% SiO2.  Tholeiitic samples contain higher Fe2O3, TiO2 and 
generally Na2O, and lower CaO and MgO at a given SiO2 content. Strong overlap 
Figure 2.23. Photomicrographs (left = cross-polarised light, right= plane-polarised light) of partially- to wholly-
infilled vesicles from sample P664, showing fans of fibrous plagioclase in glassy infilling material.  
51 
 
in most trace element compositions occurs between the compositional groups, 
however Cr and Ni are lower in tholeiitic clasts, whilst Sr, Zn and Ga are higher. 
New whole-rock data presented in this study make correlations between SiO2 and 
many elements in the calc-alkaline suite more clearly defined.    
Both tholeiitic and calc-alkaline clasts contain <15 vol% macro-crystals of 
plagioclase + orthopyroxene + titanomagnetite + ilmenite ± amphibole ± 
clinopyroxene ± olivine. Olivine is ubiquitous in calc-alkaline clasts but rare in 
tholeiitic clasts, whilst the opposite is true for clinopyroxene. Textures displayed by 
most macro-crystals are highly diverse.   
The groundmasses of both compositional groups of clasts consist of a framework 
of elongate plagioclase and amphibole micro-crysts (plus subequant clinopyroxene 
in calc-alkaline clasts and one tholeiitic clast), with interstitial residual glass and 
angular voids. Disequilibrium crystal habits typical of rapid growth, including 
acicular, swallowtail and hopper forms are common, suggesting groundmass crystal 
growth occurred rapidly during quenching of the mafic magma against the host 
rhyolite.   
Despite a common overall structure and mineralogy, groundmass textural features 
of individual clasts are remarkably diverse, both within and between the 
compositional groups. Large variability in grain sizes, porosities, and the relative 
abundance of mineral phases between clasts raise questions regarding the dominant 
controls on the development of groundmass textures, and the insights textures can 
provide in understanding processes of mafic-felsic interaction. In order to address 
these questions, and show the level of diversity present, groundmass textures are 
documented quantitatively in Chapter 3, and a scheme is devised to group clasts 
displaying similar textures.   
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3. Quantitative Characterisation of Groundmass 
Textures  
 
3.1. INTRODUCTION 
As described in Chapter 2, the groundmasses of Oruanui juvenile mafic clasts 
consist of an interlocking framework of acicular (2-D aspect ratios >10:1) and 
bladed (2-D aspect ratios <10:1) plagioclase and amphibole micro-crysts (<500 µm 
in maximum dimension, except in P581 where they reach up to 2 mm), with micro-
inclusions of Fe-Ti oxides, interstitial residual glass, and angular voids between the 
elongate crystals (diktytaxitic texture). Swallowtail and hopper plagioclases are also 
common, and sub-equant clinopyroxene is scattered throughout the groundmasses 
of calc-alkaline clasts, and a single example of the tholeiitic clasts (P541). Similar 
groundmass textures and mineralogy have been widely documented in mafic 
inclusions hosted by silicic volcanic rocks worldwide, and are inferred to have 
formed by rapid cooling and crystallisation of mafic magma encountering a cooler, 
more silicic magma body (e.g. Heiken and Eichelberger, 1980; Bacon and Metz, 
1984; Bacon, 1986; Koyaguchi, 1986a, b; Murphy et al., 1998, 2000; Clynne, 1999; 
Coombs et al., 2002; Martin et al., 2006a, b; Feeley et al., 2008; Stenier et al., 2012).  
Despite their similarities in mineralogies and overall structures, diversity in the 
groundmass textural properties of Oruanui mafic clasts is readily apparent in thin 
section and back-scattered electron (BSE) images (Figure 3.1). Textural variations 
between the two compositional groups are overshadowed by more significant 
variations within each group, including diversity in micro-cryst sizes, orientations 
and morphologies, the presence or absence of micro-cryst size gradients across 
clasts, and the modal abundances of various minerals. A subset of clasts from both 
compositional groups are further distinguished based on the presence of stellate or 
fan-shaped clusters of acicular amphibole and plagioclase micro-crysts. Such 
textural variations are interpreted to reflect differences in the conditions under 
which crystallisation occurred, as well as compositional differences between the 
crystallising magmas.  
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Figure 3.1.Examples of BSE images of the groundmass from selected Oruanui juvenile mafic clasts, 
highlighting some of the textural diversity present within the sample suite.  a) P541 (tholeiitic). b) P1514 
(tholeiitic). c) P1572 (tholeiitic). d) P697 (tholeiitic). e) P950 (calc-alkaline). f) P585 (calc-alkaline). Void 
space appears black. Dark greys represent plagioclase and glass, lighter greys represent amphibole (excluding 
images e) and f) from calc-alkaline clasts, where the large subequant light grey crystals are clinopyroxene). 
White speckles are Fe-Ti oxides.  
54 
 
In spite of the common occurrence of mafic inclusions in silicic rocks, and their 
widespread documentation in the literature, only a handful of studies have examined 
the rapidly crystallised groundmass of mafic inclusions in detail, and described their 
groundmass textures quantitatively (Coombs et al., 2002; Holness, 2005; Martin et 
al., 2006a, b). In this chapter, textural features of the groundmasses of selected 
Oruanui juvenile mafic clasts are quantified using image analysis of 2-D 
backscattered electron (BSE) images. Exploration of X-ray microtomography (µ-
CT) as a tool for analysis of groundmass textures is documented in Appendix 2. The 
results of quantitative textural analysis highlight the diversity of groundmass 
textures of the mafic clasts, and provide some insights into their differing conditions 
of crystallisation, and the dynamics of the pre-eruptive Oruanui magma system 
(discussed in Chapter 5).       
 
3.2.  QUANTITATIVE CHARACTERSIATION OF GROUNDMASS 
TEXTURES IN 2-D 
3.2.1. 2-D Image analysis methods 
BSE images of the groundmasses of 35 clasts (25 tholeiitic, 10 calc-alkaline) were 
taken for image analysis from polished thin sections, using either a JEOL JXA-8230 
electron microprobe or a JEOL JSM-6610LA scanning electron microscope (SEM), 
both at Victoria University of Wellington. The clasts analysed were chosen to 
reflect the full range of textural diversity present within the sample suite. Images 
were collected from a number of areas (at least four) across each thin section, with 
care taken to image gradients, where present, in crystal size inwards from clast rims. 
For many samples, multiple images at each location were collected at differing 
contrast and brightness in order to enable discrimination between phases with 
similar mean atomic number (notably plagioclase and glass). All BSE images 
collected for this study are included in the electronic appendix, along with annotated 
flatbed scanner images of thin sections showing the approximate location of each 
image.  
Quantitative analysis of BSE images was performed using the image analysis 
freeware program ImageJ (imagej.nih.gov/ij/). Applying thresholds to select 
particular greyscale values allowed distinct mineral phases and groundmass voids 
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to be selected and separated in each image, generating binary images (Figure 3.2) 
from which their area fractions (ϕ) could be quantified. Where necessary, noise 
resulting from the greyscale thresholding process was reduced by applying a 
despeckling filter, and/or removing outliers <5-10 pixels in size. Modal abundances 
of each mineral phase in a given clast were then estimated by averaging the area 
fraction values derived from all analysed images (typically 4-5) from that particular 
clast. All modal quantification was performed on images taken at 200x 
magnification, with the exception of the coarsest sample, P581, for which 100x 
magnification was used. Due to the overlapping greyscale values, examination of 
the imaged areas with a petrographic microscope was used to distinguish between 
clinopyroxene and amphibole in BSE images of calc-alkaline clasts. Raw area 
fraction data for each image analysed is included as a spreadsheet in the electronic 
appendix. 
Amphibole micro-crysts were chosen for detailed size, orientation and shape 
analysis due to the ease with which they could be separated out from other phases 
in the BSE images by greyscale thresholding. Amphibole size alone provides a 
suitable measure of crystal grainsize, as average amphibole crystal sizes are 
approximately equal to plagioclase in the majority of samples. Plagioclase was 
considerably more difficult to separate due to its similar greyscale values to glass. 
When greyscale thresholding of plagioclase was used it tended to generate binary 
images of separated crystals with rounded corners, not representative of the 
  
Figure 3.2. a) Original BSE image of sample P1975 groundmass. b) Binary image output from ImageJ after 
greyscale thresholding of a) to separate out amphibole (black). 
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crystals’ generally straight, euhedral edges. Although these images were adequate 
to quantify plagioclase area abundances, the rounding of crystal margins made them 
unsuitable for detailed shape and size analysis. Textural analysis was therefore 
performed only on images of plagioclase micro-crysts from the few samples for 
which relatively sharp crystal outlines could be delimited.   
Analysis of crystal size, shape, orientation, and number density was performed on 
BSE images using the “Analyse Particles” function of ImageJ. This operates by 
calculating a best-fitting ellipse for each particle. Crystal lengths, orientations and 
aspect ratios are then approximated by the lengths and orientations of the major 
axes and aspect ratios, respectively, of the ellipses. For simplicity, the major axis 
length of the best-fitting ellipse for each crystal is hereafter referred to as that 
crystal’s “size”.   
For each sample considered, two to three BSE images taken at 100x magnification 
(50x for P581) were analysed. Where gradients in crystal size could be observed 
across thin sections, the coarsest and finest images were both selected. Using the 
original BSE image as a guide, binary images of a particular mineral generated by 
greyscale thresholding were first edited in ImageJ to re-join fragments of broken 
crystals and separate impinging crystals. This ensured representation of true crystal 
sizes and shapes. Area number densities (NA) were then calculated by counting all 
particles >25 µm2 (a size limit selected to remove small-particle noise generated 
during the thresholding process) and dividing by the total area of crystals and glass 
in the image (i.e. calculated void-free: Hammer and Rutherford, 2002). Edge effects 
were ignored for this step due to the large number of crystals, following the 
recommendation of Higgins (2006). Crystals truncated against the edges of the 
image were then removed, and particles with cross-sectional areas of >50 µm2 were 
analysed to determine size, shape, and aspect ratio. All binary images used for 
analysis, and spreadsheets containing the raw data from all analyses, are included 
in the electronic appendix.   
As a means to compare crystal sizes quantitatively, median values were determined 
for the major axis lengths of the best-fitting ellipses calculated by ImageJ for each 
image analysed. Given that only particles >50 µm2 were selected for analysis, this 
does not represent the true median size of the crystal population. However, due to 
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the consistency of the method, and the small number of observable crystals with 
sectional areas of <50 µm2, this median value provides a robust method to compare 
clast grainsizes.  
Medians were also determined for the aspect ratios of best-fitting ellipses for 
amphibole micro-crysts. This method of analysis is limited by the fact that the 
images analysed are 2-D sections through crystals, and calculated aspect ratios are 
therefore not equivalent to the true aspect ratios of the crystals in three dimensions. 
Despite this, the consistency of the method enables first-order comparisons to be 
made between clasts and conclusions reached about shape differences. 
 
3.2.2. Quantification of groundmass textural features and diversity in 2-D  
3.2.2.1. Area fractions of groundmass minerals 
With the exception of grainsize, changes in the modal abundance of groundmass 
minerals, particularly the relative proportions of amphibole and plagioclase, are the 
most strikingly variable property of the mafic clast groundmasses when viewed in 
thin section. Results of area fraction analysis are outlined in Table 3.1. 
Plagioclase is the most abundant groundmass mineral in all clasts except P572 
(where it is secondary to amphibole), with area fractions ranging from 7.5-23.9 %. 
Only four of the 34 analysed samples were observed to have plagioclase area 
fractions of <10 %. Amphibole area fractions range from 2.8-20.6 %, with the 
majority being <10 %. Considerable overlap in plagioclase and amphibole area 
fractions exists between the tholeiitic and calc-alkaline groups, although several 
tholeiitic clasts (e.g. P572, P1572, P1636) extend to notably higher amphibole 
fractions (Table 3.1).  When normalised to a void-free basis, amphibole area 
fraction shows a negative correlation with whole-rock SiO2 content. Plagioclase 
area fraction versus whole-rock SiO2 is more scattered (Figure 3.3a, b), although 
the most evolved clasts generally have lower ϕplagioclase.  
Angular voids between groundmass mineral phases have area fractions ranging 
from 17.3-67.7 %, with most in the range of 34-60%. Calc-alkaline samples fall into 
this more restricted range, with the more extreme values limited to tholeiitic clasts. 
Total void fraction shows no relationship to whole-rock SiO2 content (Figure 3.3c).  
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Table 3.1. Area fractions (ϕ) of minerals (normalised void-free) and void space, and ϕplagioclase/ϕamphibole ratios, as determined by 2-D image analysis, for Oruanui juvenile mafic 
clasts. n.d. = not determined, as clast was too small for XRF analysis.  
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Equant micro inclusions/partial inclusions of Fe-Ti oxides up to ~2-3 µm comprise 
a minor proportion of the groundmasses of both groups of clasts. Area fractions in 
tholeiitic samples range from 0.9-2.7%, whereas calc-alkaline samples show an 
overlapping but narrower range of 0.7-1.7%. The tendency of tholeiitic samples to 
contain a greater proportion of oxides likely reflects the higher Fe and Ti contents 
of the tholeiitic magmas at a given SiO2 value. Groundmass oxide area fractions 
normalised to a void-free basis show a moderate negative correlation with whole-
rock SiO2 content (Figure 3.3d).  
Sub-equant clinopyroxene occurs scattered throughout the groundmasses of calc-
alkaline samples, but is extremely rare in all tholeiitic clasts except P541. Area 
fractions range from 0.5-3.3%. Again, no correlation is observed between area 
fraction and whole-rock SiO2 content (Figure 3.3e).  
The relative abundances of plagioclase and amphibole are highly variable for both 
compositional groups. Calc-alkaline ϕplagioclase/ϕamphibole ratios range from 1.8-3.9, 
whilst the tholeiitic suite shows a greater range, from 0.9-5.9 (with the exception of 
P541, in which amphibole is rare and clinopyroxene dominates). Some relationship 
to bulk chemistry is evident, with higher ϕplagioclase/ϕamphibole ratios restricted to more 
SiO2-rich clasts (Figure 3.4).  
  
3.1.1.1. Crystal size variations between clasts 
Crystal size variations between clasts are virtually ubiquitous for both 
compositional groups, and are obvious in thin section. Median amphibole crystal 
sizes range from 45 µm (P581) to 15 µm (P658) (Table 3.2, Figure 3.5), and show 
no relationship to whole-rock SiO2 content (Figure 3.6) or clast size.  The limited 
number of plagioclase crystal size analyses show that plagioclase micro-crysts are 
generally only slightly larger than co-existing amphibole, although significantly 
larger in samples P661 and P585.  
Tholeiitic sample P581 (Figure 3.7a), is significantly coarser than all other samples 
from both compositional groups, marking a clear endmember for grainsize. P658, 
the finest-grained sample, also belongs to the tholeiitic group (Figure 3.7b). A 
spectrum of crystal sizes is observed between these endmembers in the tholeiitic  
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Figure 3.3. Groundmass a) amphibole, b) plagioclase, c) void and d) oxide area fractions (minerals normalised 
to a void-free basis) vs. whole-rock SiO2 content. Raw data listed in Table 3.1. 
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suite; however, the difference between P581 and the second-coarsest sample 
(P1572) is considerable (Table 3.2; Figure 3.5). The grainsize difference between 
the coarsest and finest calc-alkaline samples (P560 and P2060, respectively) (Figure 
3.8) is less marked than that between the tholeiitic endmembers, although a range 
of grainsizes is also observed across the calc-alkaline group. Calc-alkaline samples 
generally tend to be finer-grained than their tholeiitic counterparts, although 
considerable overlap exists (Figure 3.5).  
Histograms of amphibole and plagioclase micro-cryst sizes within individual clasts 
both show a broad peak at small sizes, with a steep lower limb, and a shallow-
sloping upper limb extending to much larger sizes. The steepness of the lower limb 
is inferred to reflect the cut-off size used during image analysis.  When histograms 
are plotted of log2(crystal size), the distribution is approximately normal, and is 
well-fitted by a probability density function (PDF) curve (Figure 3.9).  
 
 
Figure 3.4. ϕPlagioclase/ϕAmphibole ratios for groundmasses of Oruanui juvenile mafic clasts vs. whole-rock SiO2 
content. Raw data listed in Table 3.1.   
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Table 3.2. Median size, median aspect ratio, and NA data for analysed BSE images.  
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Table 3.2. (Continued). Median size, median aspect ratio, and NA data for analysed BSE images.  
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Figure 3.5. Bar graph showing median amphibole sizes in each BSE image chose for detailed size analysis. 
Bars representing images from tholeiitic clasts are shown in red, and those for calc-alkaline clasts are in blue. 
Raw data listed in Table 3.2.     
Figure 3.6. Median amphibole micro-cryst size vs. whole-rock SiO2 content for Oruanui juvenile mafic clasts 
chosen for detailed size analysis. Raw data listed in Table 3.2.     
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3.1.1.2.Grainsize gradients within clasts 
Several clasts display a clear gradient in grainsize between their margins and cores, 
or between one margin and another (Figure 3.10). This contrast is inferred to 
represent a gradient in cooling rate between the outer and inner portions of a clast 
as it crystallised, with rapidly chilled rims developing finer grainsizes than the more 
slowly-cooled cores. Fragmentation and mechanical breakup of larger clasts is 
inferred to have occurred where grainsize gradients are continuous between one 
margin of a clast and another (with the clast core displaying grainsizes intermediate 
between the two). Similar features are commonly reported in quenched mafic  
Figure 3.7 Photomicrographs (cross-polarised light) of groundmass from a) the coarsest sample, P581, and b) 
the finest-grained sample, P658. Both belong to the tholeiitic suite. Grey and orange crystals are plagioclase 
and amphibole, respectively. 
Figure 3.8. Photomicrographs (cross-polarised light) of groundmass from a) the coarsest calc-alkaline sample, 
P560, and b) the finest-grained calc-alkaline sample, P2060. Grey and orange crystals are plagioclase and 
amphibole, respectively. Scattered blue crystals in a) are clinopyroxene.  
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inclusions (e.g., Heiken and Eichelberger, 1980; Bacon, 1986; Koyaguchi, 1986a; 
Frost and Mahood, 1987; Feeley et al., 2008). 
 
3.1.1.3. Micro-cryst morphology 
Median amphibole aspect-ratios for analysed images (Table 3.2) range from 1.7 
(P972) to 4.2 (P1636), with all but three <2.5. Calc-alkaline samples cluster tightly 
from to 1.8 to 2.2 (P1392), while tholeiitic samples show more scatter. No 
correlation is observed between median amphibole aspect-ratio and median 
amphibole size, or whole-rock SiO2 content (Figure 3.11). The small number of 
plagioclase aspect-ratio analyses show plagioclase generally tends to be slightly  
Figure 3.9. Representative histograms of log2 of amphibole micro-cryst size (in µm), showing approximately 
normal distributions. Data for tholeiitic samples are shown in red, and calc-alkaline samples are shown in blue. 
Probability density function (PDF) curves are shown in black. a) P572-06. b) P972-01. c) P1392-06. d) P950-
06.  
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more elongate than co-existing amphibole, although for most samples the 
differences are minor.  
For individual images analysed, plots of amphibole aspect-ratio vs. size define a 
fan-shaped array, with an apex at small maximum lengths and aspect ratios (Figure 
3.12). Most plots show a large number of data points concentrated at the apex of 
the fan, and a much smaller number with large maximum lengths and/or aspect 
ratios. Numerical modelling by Higgins (1994) showed that random sections 
through high aspect ratio crystals are most commonly short and equant, with only 
sections cut very close to the orientation of the c-axis showing long lengths and 
high aspect ratios (see Figure 1 of Higgins 1994). The clustering of a large number 
of analyses at low aspect ratio and low maximum length is therefore as we might 
expect for elongate (acicular and/or bladed) crystals.  
Similar fan-shaped arrays are also observed for plots of plagioclase aspect ratio vs. 
size, although the clustering of data points at the apex of the fan is generally less 
pronounced than for amphibole, probably indicating plagioclase micro-crysts have  
Figure 3.10. BSE images (100x magnification) and amphibole micro-cryst size histograms of the rim (a) and 
core (b) of clast P697 (tholeiitic). Probability density function (PDF) curves are shown in black. Yellow boxes 
on the central thin section scan show the locations of the respective BSE images.   
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Figure 3.11. a) Median amphibole micro-cryst size vs. median aspect ratio. Most samples cluster between 
median aspect ratios <2.5, however tholeiitic samples P1636 and P1645 extend to median amphibole aspect 
ratios >4. b) Median amphibole micro-cryst aspect ratio vs. whole-rock SiO2 content.  
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lower 3-D aspect ratios (i.e. are less elongate) than the co-existing amphibole. The 
modelling of Higgins (1994) showed that random intersections through rectangular 
prismatic or tabular crystals generally have higher 2-D aspect ratios and sizes than 
ones through acicular crystals. The interpretation that plagioclase micro-crysts are 
less elongate than co-existing amphibole is therefore also consistent with the higher 
median 2-D aspect ratios displayed by plagioclase over amphibole in most samples. 
     
Figure 3.12. Representative plots of amphibole micro-cryst aspect ratio vs. size from single BSE images. Red 
and blue denote tholeiitic and calc-alkaline clasts, respectively. a) P575-02. b) P1644-01. c) P919-12. d) P949-
04.  
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3.1.1.4. Micro-cryst orientation 
Analysis of micro-cryst orientation using Image J showed that both amphibole and 
plagioclase micro-crysts in most samples are randomly oriented (Figure 3.13). A 
notable exception is P661, in which sub-parallel laths of plagioclase and 
subordinate elongate amphibole define a subtle fabric (Figure 3.14). This is 
consistent with the earlier interpretation (Chapter 2) of P661 as a dike fragment 
based on its tabular morphology. 
 
 
 
 
 
Figure 3.13. Representative radial plots for P581 (a and b, tholeiitic) and P949 (c and d, calc-alkaline), showing 
the orientations of major axes of best-fitting ellipses for amphibole and plagioclase micro-crysts. Note the 
scatter in each plot, indicating that the micro-crysts show no preferred orientation.  
71 
 
 
 
 
3.1.1.5. Micro-cryst area number densities 
Area number densities (NA) for amphibole range from 122 mm
-2 (P581) to 2660 
mm-2 (P1636), with all samples but P1636 having values <1500 mm-2 (Table 3.2). 
Significant overlap occurs between the tholeiitic and calc-alkaline groups. No 
relationship is observed between amphibole NA and whole-rock SiO2 content 
(Figure 15a).  NA values for plagioclase are generally comparable to amphibole 
values for the same samples, although in a few cases they vary by up to ~70% (Table 
3.2). Amphibole NA values also show no correlation with median aspect ratio 
(Figure 3.15b). Sample P1636, however, is distinguished by having both the highest 
median aspect ratio and the highest NA value, plotting well outside the field defined 
by the other samples. A general negative correlation is observed between void area 
fraction and amphibole NA values (Figure 3.15c), and also between amphibole size 
and NA (Figure 3.15d). 
 
 
3.2. GROUPING OF CLASTS BY GROUNDMASS TEXTURES 
To aid with interpretation of the diverse range of groundmass textures present, and 
enable comparison of groundmass textures with mineral chemistry, clasts for which 
textural analysis was performed were categorised into groups displaying similar 
textural features. Representative BSE images from each clast were first grouped  
Figure 3.14. BSE image of groundmass of clast P661 (left) and radial plot showing plagioclase micro-cryst 
orientations from the same image (right). A weak fabric can be observed in the image, with sub-parallel 
alignment of plagioclase micro-crysts (light grey), and is represented by clustering of the higher aspect-ratio 
plagioclase crystals in a narrow range of orientations on the radial plot.  
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with those showing a similar overall appearance, as discernible by eye. Comparison 
with quantitative textural data confirmed this grouping, showing that separation by 
eye was mainly influenced by ϕplagioclase/ϕamphibole ratios. Inspection of thin sections 
from each sample allowed boundaries between each group to be refined, and 
defined based on the presence or absence of certain textural features. A total of five 
textural groups were derived for tholeiitic samples (TH-1 – TH-5). These are 
Figure 3.15. a) Amphibole micro-cryst NA vs. whole-rock SiO2 content. b) Median amphibole micro-cryst 
aspect ratio vs. amphibole NA. b) Void area fraction vs. amphibole micro-cryst NA. d) Median amphibole micro-
cryst size vs. NA.  
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defined in Table 3.3. and representative BSE images from each of the tholeiitic 
groups are shown in Figure 3.16. Three groups were derived for calc-alkaline 
samples (CA-1 – CA-3). These are defined in Table 3.4. and representative BSE 
images are shown in Figure 3.17. The tholeiitic textural groups do not correspond 
with the three tholeiitic sub-groups identified by Allan (2013), based on possible 
mixing trends towards Oruanui rhyolite compositions (his figure 4.26).   
The visually-defined textural groups cluster significantly with respect to whole-
rock geochemistry (Figure 3.18). The more amphibole-rich samples comprising 
groups TH-1 and CA-1 mostly fall at the less-evolved end of their respective 
compositional group, generally displaying lower SiO2, alkalis, and incompatible 
trace elements (notably Rb, Y, Ba and most rare earth elements), and higher CaO, 
Fe2O3, TiO2, MgO, and compatible trace elements (notably Sc, Sr and V) than other 
textural groups within the same compositional suite. Groups in which plagioclase 
is more dominant generally fall towards the evolved end of the spectrum, with 
groups TH-3 and CA-2 including the most evolved compositions. However, some 
overlap is observed between groups CA-1 and CA-2 with respect to major elements 
(note trace element data are not available for the least evolved CA-2 clast). Group 
TH-4 is intermediate in SiO2 content between groups TH-1 and TH-3, and overlaps 
both groups with respect to most other elements. The two clasts from TH-2 for 
which whole-rock data are available overlap the TH-1 and TH-4 fields for all major 
and most trace elements. Whole-rock compositional data could not be obtained for 
the texturally unique samples comprising groups TH-3 (P1636) and CA-3 (P2060), 
due to the small size of these clasts.     
Differences between the textural groups are highlighted by a number of the 
parameters measured by ImageJ and described in the previous section. The 
distinction between the amphibole-rich (TH-1, TH-2, TH-3, and CA-1) and 
plagioclase-rich (TH-4, TH-5, CA-2) groups is particularly clear on a plot of median 
amphibole size vs. amphibole NA (Figure 3.19a), with the more amphibole-rich 
groups containing larger amphiboles at a given NA value. Groups TH-1, TH-3 and 
CA-1 are also clearly distinguished from the more plagioclase-dominant groups by 
their ubiquitously higher фamphibole (which reaches up to three times the average  
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Textural Group Features Clasts 
 
 
 
 
 
 
TH-1 
 
High proportion of amphibole (ϕplagioclase/ϕamphibole ratios ~1-2, amphibole 
areas fractions ~15-30% normalised void-free), with abundant opaque 
inclusions. Fan and bow-tie spherulites commonly beginning to form in fine-
grained samples, often well-formed in coarser samples. Swallowtail and 
hopper plagioclase present.  
 
 P572 
 P581 
 P697 
 P972 
 P1572 
 P1644  
 P1730 
 P1735 
 P1948-3 
 P1974 
 P1975 
 P2080 
 P2267 
 
 
 
TH-2 
 
Dominated by feathery and hopper plagioclase with abundant high aspect 
ratio amphibole. Stellate and fan spherulites of amphibole common. 
Amphibole commonly hopper (hollow along c-axes). Very high oxide number 
density.  
  
 
 P1514 
 P1645 
 P1948-4 
 
 
TH-3 
 
Dense network of very high aspect ratio amphibole and plagioclase. Very 
little void space. Low ϕplagioclase/ϕamphibole ratio  (~1). 
 
 
 P1636 
 
 
 
 
TH-4 
 
Plagioclase dominant (ϕplagioclase/ϕamphibole ratios* ~2.5 - 3). Laths of 
plagioclase, with only very sparse swallowtail morphologies. No spherulites. 
Similar to group CA-2 from the calc-alkaline suite.  
 
*Excluding P541, where clinopyroxene is observed and amphibole is rare. 
 
 
 
 P541 
 P658 
 P661 
 P1940 
 
 
 
TH-5 
 
Plagioclase dominant (ϕplagioclase/ϕamphibole ratios ~2 - 2.5). Swallowtail and 
hopper plagioclase common. Fan and/or stellate spherulites of amphibole in 
some samples. Common hopper amphibole (hollow c-axes).  
 
 
 P574 
 P575 
 P651 
 P742 
 P942 
 
Table 3.3. Description of textural groups for tholeiitic samples.  
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 Figure 3.16. Representative BSE images of clasts comprising each of the tholeiitic textural groups.  Void space 
appears black, whilst Fe-Ti oxides appear as white speckles. The darkest greys in each image represent 
plagioclase and glass, and lighter greys represent amphibole.   
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Textural Group  Features Clasts 
 
 
 
 
CA-1 
 
Characterised by relatively low ϕplagioclase/ϕamphibole ratios (~2.0), with abundant 
mottled fan and bow-tie structures comprised of many (> 100 in the largest 
examples) intergrown plagioclase and amphibole micro-crysts. Individual 
micro-crysts comprising these structures are <5 µm in size, with overall 
structures reaching up to ~300 µm across. Occasional swallowtail and hopper 
plagioclase. Occasional fans of fine feathery plagioclase in P560 and P949. 
Subequant clinopyroxene scattered throughout. 
 
 P560 
 P573 
 P919 
 P949 
 P1643 
 
 
 
CA-2 
 
High abundance of plagioclase relative to amphibole (ϕplagioclase/ϕamphibole ratios 
~2.5-4). Occasional swallowtail plagioclase. No radiating crystal clusters. 
Subequant clinopyroxene scattered throughout. Similar to group TH-4 from the 
tholeiitic suite.  
 
 P585 
 P950 
 P987 
 P1392 
 
 
CA-3 
 
 
Very glassy, with very small (<10 µm) plagioclase micro-crysts, and larger 
amphibole (up to ~100 µm). Sparse subequant clinopyroxene scattered 
throughout. 
 
 P2060 
 
Table 3.4. Description of textural groups for calc-alkaline samples.  
Figure 3.17. Representative BSE images of clasts comprising each of the calc-alkaline textural groups. Void 
space appears black, whilst Fe-Ti oxides appear as white speckles. The darkest greys in each image represent 
plagioclase and glass, while lighter greys represent amphibole and sparse clinopyroxene (not easily 
distinguished).    
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Figure 3.18. Selected representative whole-rock major and trace element plots. Fields shown for each textural 
group highlight clustering of textural groups with respect to whole-rock compositions.  
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value for the plagioclase-rich groups), and their generally lower фplagioclase/фamphibole 
ratio (Figure. 3.19b) 
The distinction between tholeiitic groups TH-1 and TH-2 is less obvious with regard 
to the parameters measured by ImageJ than by eye, with TH-2 overlapping the high 
amphibole NA/(low median amphibole size) end of the TH-1 field (Figure 3.19a). 
Some distinction in aspect ratios is observed, with TH-2 showing higher median 
amphibole aspect ratios than the majority of TH-1 samples (Figure 3.19c). Although 
not quantified with ImageJ, TH-2 is also distinguished by higher oxide NA values.  
The textural groups devised in this section provide a means of investigating the 
relationship between groundmass textures and mineral chemistry. This is explored 
in Chapter 4, where an extensive new dataset of micro-cryst compositions is 
presented, and chemical distinctions between textural groups are considered.    
 
  
Figure 3.19. Plots of key textural features determined by 2-D image analysis, with fields for each textural group 
highlighting differences between groups.  
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4.  Mineral and Glass Chemistry 
 
4.1. INTRODUCTION 
The groundmass textures of mafic inclusions in silicic volcanic rocks are generally 
inferred to reflect rapid cooling and crystallisation of mafic magma encountering 
and thermally equilibrating with a cooler silicic host (e.g. Heiken and Eichelberger, 
1980; Bacon and Metz, 1984; Bacon, 1986; Koyaguchi, 1986a, b; Murphy et al., 
1998, 2000; Clynne, 1999; Coombs et al., 2002; Martin et al., 2006a, b; Feeley et 
al., 2008; Steiner et al., 2012). However, the diversity in groundmass textures 
displayed by the Oruanui juvenile mafic clasts (described in Chapter 3) is inferred 
to reflect differences in the conditions under which the rapid crystallisation process 
occurred, as well as compositional differences between the crystallising magmas. 
The quench textures displayed by the mafic clasts, and their diversity, raise 
questions regarding the compositions of the rapidly-crystallised groundmass 
phases: 
1. Are the compositions of the rapidly-grown groundmass micro-crysts in any way 
unusual? Do they chemically differ from the macroscopic crystals which grew 
over longer periods, and some of which appear to have been introduced from 
different magma batches (cf. Allan, 2013)? 
2. Are differences in the groundmasses textures between mafic clasts reflected in 
the compositions of their micro-crysts?  
3. What are the dominant controls on the composition of micro-crysts grown 
rapidly under disequilibrium conditions? Do kinetic effects play an important 
role? 
4. Can the compositions of micro-crysts be reliably related to intensive variables 
such as pressure or temperature [e.g., using the Ridolfi et al. (2010) amphibole 
thermobarometric formulations]?     
5. What chemical path does the composition of residual melt follow during rapid 
quench crystallisation? 
 
The diversity in the groundmass textures of the Oruanui mafic inclusions and their 
uniform mineralogy (plagioclase + amphibole + Fe-Ti oxide inclusions ± 
80 
 
clinopyroxene) make them ideal for investigating these questions, and gaining 
insight into the processes of rapid quench crystallisation of mafic magmas.   
Earlier workers on the Oruanui juvenile mafic clasts (Sutton, 1995; Wilson et al., 
2006) presented electron microprobe major element compositional data for seven 
samples; three from the tholeiitic suite, and four from the calc-alkaline. The 
majority of these analyses targeted macro-crystal phases, with only a small number 
of analyses from groundmass crystals in P581, the sample with the coarsest 
groundmass. Allan (2013) subsequently presented data from an additional seven 
clasts, including a small number of major element data for groundmass micro-crysts 
from four clasts, and LA-ICP-MS trace element data for plagioclase, amphibole and 
orthopyroxene macro-crystals.  
In this chapter I build on this earlier work, presenting an expanded dataset of major 
element data for minerals in the juvenile mafic clasts, including new macro-crystal 
data, and a large number of analyses of groundmass micro-crysts. I also present the 
first analyses of residual glass major element compositions, and micro-cryst trace 
element compositions from the Oruanui mafic clasts.  Combined with the textural 
relationships outlined in Chapter 3, these chemical data provide new insights into 
processes of quench crystallisation in mafic magmas, and the generation of the 
Oruanui mafic clasts.  
 
4.2. METHODS 
4.2.1. In-situ major element analysis - EPMA 
Major element compositions of macro-crystals, groundmass micro-crysts and 
residual glass were determined by electron probe microanalysis (EPMA) of selected 
crystals in 40 µm-thick polished thin sections. Analyses were performed using a 
JEOL JXA-8230 electron microprobe equipped with five wavelength dispersive 
(WDS) spectrometers at Victoria University of Wellington. Samples were selected 
for analysis from each of the textural groups identified in Chapter 3 (excluding 
groups TH-5 and CA-3, which are comprised of only one sample each), so that 
relationships between texture and mineral chemistry could be explored (Table 4.1).  
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Mineral analyses were conducted using a 15 kV accelerating voltage and a 12 nA 
beam current (excluding Fe-Ti oxides, where 20 nA was used), with a focused beam 
(~1-2 µm spot diameter). Evidence in the form of greyscale gradients for 
compositional zoning of groundmass micro-crysts was not observed in either EDS 
maps or BSE images, so a single analysis of each groundmass crystal was 
considered representative.    
Glass analyses were conducted at an accelerating voltage 15 kV and a beam current 
of 8 nA. Finding areas of groundmass glass large enough to fit a defocused ~10 µm-
diameter beam onto proved impossible, so a ~5 µm-diameter beam was used. 
Repeat analyses of the rhyolite glass standard VG-568 with 3 µm-, 5 µm-, 7 µm- 
and 10 µm-diameter beams showed no significant systematic loss of Na2O 
occurring for beams equal to or larger than 5 µm in diameter, hence justifying the 
method adopted (Figure 4.1). The degree of Na2O loss was further reduced by 
decreasing the count times to ten seconds.  
Standardisation was performed using a combination of natural and synthetic 
standards (see appendix, Table A1.5). Natural standards, used to calibrate the 
EPMA for elements with high abundance (generally >1 wt%), were chosen to match 
the matrix composition of the samples as closely as possible. For minor elements 
(<1 wt%), synthetic oxide standards were used.  
Concentrations of unknowns were calculated using the ZAF correction method. 
Secondary mineral and glass standards (Engels amphibole, NMNH 115900 
plagioclase, VG-568 Rhy glass, Kakanui augite and San Carlos olivine) were 
routinely analysed during analytical runs to monitor for instrumental drift and allow  
TH-1 TH-2 TH-3 TH-4 CA-1 CA-2 
      
P581 P541 P575 P1514 P585 P560 
P972 P661 651 P1645 P987 P919 
P1948-3  P742    
P1974      
P1975      
P2267      
            
Table 4.1. Samples selected for detailed analysis of mineral and glass chemistry, listed in their respective 
textural groups (see Chapter 3). Note: P651 analysed for glass only, P585 analysed for plagioclase only. 
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estimates of precision and accuracy to be made (see appendix, Table A1.6). Drift 
corrections were made where necessary. Approximate 2 SD relative analytical 
precisions are generally <10 % (most are <5 %) for elements occurring in 
concentrations >1 wt%, with the exceptions of Na2O and Al2O3 in amphibole (<12 
%), and FeO and Na2O in glass (<17 %). For less abundant elements, precision 
decreases with decreasing relative concentration.  Elements with concentrations >1 
wt% are generally accurate to within <3 %, with the exceptions of Na2O and SiO2 
in glass (within <5 %), and MgO in clinopyroxene (within ~6 %). 
All EPMA data collected during this study are included in spreadsheet form in the 
electronic appendix. 
 
 
Figure 4.1. EPMA analyses of glass standards VG-568 Rhy (blue circles) and VG-A99 Bas (green diamonds) 
using a range of electron beam spot sizes. The blue and green lines mark the preferred values for VG-568 Rhy 
and VG-A99, respectively. Preferred values from Jarosweich et al. (1980).  
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4.2.2. In-situ trace element analysis – laser ablation (LA) ICP-MS 
Laser ablation ICP-MS analysis was conducted at Victoria University of Wellington 
using a Resonetics RESOlution S155-SE laser ablation system equipped with a 
ATL ArF Excimer laser (wavelength 193 nm), coupled to an Agilent 7500CS ICP-
MS. Mass spectrometer tuning to optimise signal sensitivity and stability was 
performed by rastering a 50 µm-diameter circular laser beam across the NIST 612 
standard at a scan rate of 5 µm s-1, with a 10 Hz pulse frequency. Tuning parameters 
(the inflow of He and Ar gases and position of the mass spectrometer torch relative 
to the sampling cone) were adjusted to ensure that element oxide production 
(estimated from the measured ThO+/Th+ ratio) was <1% and that fractionation 
across the mass range (estimated from the measured 238U/232Th ratio) was minimal. 
The final tuning parameters consisted of an 800 mL min-1 inflow of He gas from 
the laser cell, a 750 mL min-1 inflow of Ar carrier gas, and an RF power of 1200 W. 
The laser energy was set at 6 mJ with 25% transmittance, for an energy density of 
~4.7 J cm-2. 
Ablation of micro-crysts was performed with a 20 µm-diameter circular beam 
pulsed for 40 s at 5 Hz, with a 30 s dwell time between consecutive analyses. For 
ablation of macro-crystals a 50 µm-diameter beam was used, with a 60 s ablation 
time at 7 Hz, and a 40 s dwell time between analyses.   Due to the small size of 
residual glass patches (generally <10 µm in diameter), it was not possible to analyse 
glass for trace element compositions by LA-ICP-MS. 
Reduction of raw LA-ICP-MS data to calculate trace element concentrations was 
performed using the Iolite software package and internal standard data reduction 
scheme of Hellstrom et al. (2008). The internal standard isotope technique 
employed by Iolite, developed by Perkins and Pearce (1995) and Pearce et al. 
(1996), requires prior knowledge of the concentration of an element in the 
unknown, which is used as the “internal standard” (generally Si or Ca). Inclusion 
of a minor isotope of the internal standard element in the ICP-MS scan enables 
Iolite to calculate trace element concentrations of unknowns based on count rates 
on the internal standard element, and other isotopes in a well-characterised 
international reference material (the “calibration standard”), by employing the 
relationship:  
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where C = concentration, el = analyte element, I.S. = internal standard element, rm 
= in the reference material, unk = in the sample analysed and CPS = counts per 
second (Pearce et al., 2007).  
The internal standard elements and calibration standards employed for data 
reduction were deliberately the same as those used by Allan (2013), so that new 
trace element data could be reliably compared with his existing dataset. 43Ca was 
used as the internal standard for amphibole analyses, and 29Si was used for 
plagioclase. Concentrations of the internal standard oxides were determined by 
EPMA after laser ablation; probe spots were placed as close as possible to the 
ablated area, with care taken to avoid direct overlap. BSE images were used to 
ensure there were no obvious gradients in composition between laser and EPMA 
spots. EPMA internal standard data for samples P560, P581, P742, P1948-3 and 
P2267 were collected at Victoria University of Wellington, following the methods 
outlined in Section 4.2.1 Data for samples P661, P919, P972, P987 were collected 
by Frank Tepley at Oregon State University using a CAMECA SX-100 instrument, 
following similar methods, with a 30 nA beam current5. 
Homogeneous international glass standards BHVO-2 (basalt, USGS) and NIST 612 
(synthetic) were used as calibration standards for amphibole and plagioclase 
analyses, respectively. Although it is preferable to use matrix-matched standards, 
these glasses were chosen by Allan (2013) due to the lack of widely available, well-
characterised trace element standards for amphibole and plagioclase. The glass 
standard BCR-2 (basalt, USGS) was utilised as a secondary standard to monitor 
instrumental drift throughout the analytical run, and to inform estimates of precision 
                                                          
5 2 SD relative analytical precisions for EPMA analyses performed at OSU are <1.3 % for 
Si in plagioclase, and <2.3 % for Ca in amphibole, based on repeat analyses of Labradorite 
and Kakanui Hornblende, respectively. Accuracy estimates are within <<1 % for Si in 
plagioclase, and <1 % for Ca in amphibole.  
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and accuracy. Preferred values adopted for the reference materials were taken from 
the GeoReM database (see appendix, Table A1.7.).  
Estimates of analytical precision and accuracy are outlined in Appendix 1 (Table 
A1.8). 2 SD relative analytical precision estimates for macro-crystal analyses (50 
µm spots) are <10 % for most elements (most are <5 %), with the exceptions of Li 
and Cr (<20 %). All elements are accurate to within < 15%, excluding Zn (<17 %) 
and Cr (<23 %).  Precision is considerably lower for analyses using a 20 µm spot, 
with 2 SD values generally between 25 – 40% for most elements. Despite the lower 
precision with a 20 µm spot, accuracies remain high for most elements (within <6 
% for all elements).   
All LA-ICP-MS data collected during this study are included as a spreadsheet in 
the electronic appendix. 
 
4.3. MAJOR ELEMENT COMPOSITIONS OF MINERALS AND GLASS  
4.3.1. Macro-crystal compositions 
Macro-crystal compositions from the Oruanui mafic clasts have already been 
reported in some detail by previous workers (Sutton, 1995, as reported in Wilson et 
al., 2006; Allan, 2013), thus a comprehensive geochemical study of the macro-
crystal population of the Oruanui mafic clasts was not undertaken for this study. 
However, a small number of new macro-crystal data are presented here, primarily 
from samples not analysed by previous workers. The new dataset reveals an 
expanded range of mineral compositions, and provides new insights into the sources 
of the macro crystal populations.  
   
4.3.1.1. Plagioclase 
Compositions of plagioclase macro-crystals range from An31-95. Crystals from both 
the tholeiitic and calc-alkaline groups span almost the entirety of this range 
(tholeiitic range An31-91, calc-alkaline range An32-95; Figure 4.2). Significant 
compositional overlap is observed with the fields for plagioclase from the high- and  
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low-silica Oruanui rhyolites, suggesting many plagioclase crystals in the mafic 
clasts are xenocrysts derived from the rhyolites (Figure 4.3) 
Both rim and interior compositions of plagioclase from the calc-alkaline clasts span 
virtually the entire observed range in An values, and show considerable overlap in 
all major elements. Core compositions from the tholeiitic clasts also span almost 
the entire An range, although rims are restricted to An <69 (Figure 4.2). The rims 
also tend to display higher FeO and MgO (Figure 4.3), and lower K2O at a given 
An value, consistent with late-stage entrainment and growth in a hotter, more-mafic 
melt than their source (Allan, 2013).  
Because relationships between plagioclase macro-crystal textures and chemistry 
have been explored in some detail by Allan (2013) (see his Figure 4.19), a detailed  
Figure 4.2. Histogram of An compositions of plagioclase macro-crystals from calc-alkaline (blue) and tholeiitic 
(red) clasts. Compositions of crystal interiors are represented with solid colour, whilst rims are shown as white 
with a coloured outline. Plot incorporates data from this study, and previous data from Wilson et al. (2006, 
after Sutton, 1995), and Allan (2013). Raw data are in the electronic appendix. 
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study of the plagioclase macro crystal population is not included here.  However, 
the new data presented in this study reinforce the clear bimodality in plagioclase 
compositions within the calc-alkaline clasts identified by Wilson et al. (2006). This 
is most clearly seen on a plot of MgO vs. An content (Figure 4.3d) where two 
clusters are observed: a high-An, high-MgO group, and a low-MgO, low-An group. 
Figure 4.3. Representative plots of selected major-elements vs. An content for plagioclase macro-crystals. Data 
for analyses conducted during this study are plotted as points, with solid fill denoting interior compositions, 
and hollow symbols with coloured outlines denoting rims. Fields representing analyses from previous studies 
(Sutton, 1995, as reported in Wilson et al., 2006; Allan, 2013) are shown, with solid colour again denoting 
interior compositions, and colourless fields with coloured outlines representing rims. Fields of plagioclase 
compositions from the Oruanui low-silica (dotted) and high-silica (dashed) rhyolites are plotted for comparison 
(data from Allan, 2013). Errors bars denote 2 SD uncertainty estimates based on repeat analyses of plagioclase 
standard NMNH 115900.  Raw data are in the electronic appendix. 
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Crystals belonging to the high-An group display distinctive textures which were not 
described by Allan (2013), and are documented here.  Crystals from the high-An 
population are defined by relatively featureless cores, occasionally with small (~5-
10 µm) melt inclusions, and often show extensive resorption (Figure 4.4). In many 
cases, crystal margins appear euhedral in thin section, but the cores have been 
extensively dissolved (Figure 4.4a, d). Core compositions tightly cluster around 
An89-94, whilst rims are generally (though not always) more sodic, reaching An56. 
This trend of normal zoning is in stark contrast to the low-MgO, low-An group of 
calc-alkaline plagioclase, including the population with dusty margins (see Chapter 
2), where rims are invariably more calcic than cores.    
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3.1.2. Amphibole 
Following the nomenclature of Hawthorne et al. (2012), compositions of 
macroscopic amphibole crystals in Oruanui mafic clasts include pargasite, ferro-
pargasite and Ti-rich pargasite, magnesio-hastingsite and Ti-rich magnesio-
hastingsite, and magnesio-ferri-hornblende (Figure 4.5). Significant compositional 
Figure 4.4. Photomicrographs (cross-polarised light) of high-An plagioclase macro-crystals from calc-alkaline 
clasts. EPMA spots are marked, with spot labels corresponding to the raw data file in the electronic appendix. 
An values returned from each analysis are labelled. All examples shown display normal zoning from core to 
rim. Note the generally euhedral margins, extensively dissolved cores in a) and d), and melt-inclusion-rich zones 
in b), c) and d).     
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overlap is observed with amphiboles from both the Oruanui high-silica and low-
silica rhyolites (data of Allan, 2013), although compositions from tholeiitic samples 
extend to lower SiO2 and higher Na2O values.  Amphiboles from the calc-alkaline 
clasts are almost entirely contained within the low-silica rhyolite compositional 
field. Rim and core compositions overlap extensively for amphiboles from both 
compositional groups. 
Figure 4.5. Representative compositional plots for amphibole macro-crystals. Compositional fields depicted in c) are as defined 
by Hawthorne et al. (2012). Data for analyses conducted during this study are plotted as points, with solid fill denoting interior 
compositions, and hollow symbols with coloured outlines denoting rims. Fields representing analyses from previous studies 
(Sutton, 1995, as reported in Wilson et al., 2006; Allan, 2013) are shown, with solid colour again denoting interior 
compositions, and colourless fields with coloured outlines representing rims. Fields of amphibole compositions from the 
Oruanui low-silica (dotted) and high-silica (dashed) rhyolites are plotted for comparison (data from Allan, 2013). Error bars 
denote 2 SD analytical uncertainty estimates based on repeat analyses of the Engels amphibole standard.   Raw data are in the 
electronic appendix. 
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4.3.1.3. Clinopyroxene 
Macroscopic clinopyroxene crystals analysed for this thesis from tholeiitic clasts 
range from En33.5Wo42Fs24.5 to En54Wo15Fs31. Rims are generally more Fs-rich and 
En-poor than interiors, and extend to much lower Wo values, although considerable 
overlap between rim and core compositions is observed (Figure 4.6).  
Clinopyroxene macro-crystals are extremely rare in calc-alkaline clasts and 
therefore were not analysed.  
 
 
 
 
 
 
4.3.1.4. Orthopyroxene 
Orthopyroxene compositions analysed here range from En45Wo2Fs53 to 
En72.5Wo3.5Fs24 in the tholeiitic suite, and En45.5Wo2.5Fs52 to En76Wo4Fs20 in the 
calc-alkaline suite. Partial overlap with compositions in the Oruanui rhyolites is 
observed, although a group of tholeiitic analyses (rims and interiors) and two calc-
alkaline rim analyses returned significantly higher En and lower Fs contents than 
observed in any of the rhyolite-hosted orthopyroxenes (Figure 4.7). 
Figure 4.6. Pyroxene ternary plot for clinopyroxene macro-crystals. Data for analyses conducted during this 
study are plotted as points, with solid fill denoting interior compositions, and hollow symbols with coloured 
outlines denoting rims. Fields representing analyses from previous studies (Sutton, 1995, as reported in Wilson 
et al., 2006; Allan, 2013) are shown, with solid colour again denoting interior compositions, and the colourless 
field with a red outline representing rims. The 2 SD uncertainty ellipse is derived from repeat analyses of the 
Kakanui augite standard. Raw data are in the electronic appendix. 
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4.3.1.5. Olivine 
Allan (2013) reported uniform compositions of Fo85±1 for olivines from calc-
alkaline clasts, with narrow (<5 µm), more Fe-rich rims reaching compositions of 
Fo72. The majority of analyses from this study (on clasts P560, P919, P987) returned 
core and rim compositions within these respective ranges, although a single core 
composition of Fo78 was observed in sample P987. Olivine is very rare in tholeiitic 
clasts, and so was not analysed in this study. Allan (2013) had previously reported 
compositions in the range of Fo75-65. 
 
4.3.2. Micro-cryst compositions 
 4.3.2.1. Plagioclase 
Plagioclase micro-crysts from calc-alkaline clasts returned compositions ranging 
from An34-92 (Figure 4.8a). The majority of analyses cluster between ~An40-65, with 
a mode between An60-65, and an additional mode between An50-55. Tholeiitic  
Figure 4.7. Representative compositional plots for orthopyroxene macro-crystals. Data for analyses conducted 
during this study are plotted as points, with solid fill denoting interior compositions, and hollow symbols with 
coloured outlines denoting rims. Fields representing analyses from previous studies (Sutton, 1995, as reported 
in Wilson et al., 2006; Allan, 2013) are shown, with solid colour again denoting interior compositions, and 
colourless fields with coloured outlines representing rims. Fields of orthopyroxene compositions from the 
Oruanui low-silica (dotted) and high-silica (dashed) rhyolites are plotted for comparison (data from Allan, 
2013). Error bars denote 2 SD analytical uncertainty estimates based on repeat analyses of the Kakanui augite 
standard. Raw data are in the electronic appendix. 
92 
 
 
 
 
compositions show a more limited range of compositions, from ~An25-60. A strong 
mode is observed between An45-50 (Figure 4.8a).   
Compositions within a number of clasts, both tholeiitic and calc-alkaline, cluster 
almost exclusively between ~An45-55. A smaller number of tholeiitic clasts, 
including P575, P581, P742 and P1514 are dominated by more evolved 
compositions. An values show only a very weak negative correlation with bulk-
Figure 4.8. a) Histograms of plagioclase micro-cryst anorthite content from tholeiitic (red) and calc-alkaline 
(blue) clasts. b) An content of plagioclase micro-crysts vs. whole-rock SiO2 content of the host clast (as 
determined by XRF). Whole-rock data compiled from this study, Sutton (1995, as reported in Wilson et al., 
2006) and Allan (2013). c) FeO vs. An content plots for plagioclase micro-crysts. All micro-cryst data were 
collected during this study, with the exception of the analyses of P1974 and P1975, which are taken from Allan 
(2013). Solid blue and red fields show the range of Oruanui mafic clast macro-crystal compositions for the 
calc-alkaline and tholeiitic clasts, respectively (data from this study, Sutton (1995, as reported in Wilson et al., 
2006), and Allan (2013). Fields of plagioclase compositions from the Oruanui low-silica (dotted) and high-
silica (dashed) rhyolites are plotted for comparison (data from Allan, 2013). Error bars denote 2 SD uncertainty 
estimates based on repeat analyses of plagioclase standard NMNH 115900 (% An, FeO) and XRF standard 
WS-E (whole-rock SiO2). Raw data are in the electronic appendix. 
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rock SiO2, and An values for analyses from the most- and least-evolved clasts 
partially overlap (Figure 4.8b).  
Of the minor elements, only FeO shows any significant variation between clasts. 
FeO contents in plagioclase micro-crysts from tholeiitic clasts range from ~0.21-
1.60 wt%, and show a general positive correlation with An value (Figure 4.8c). 
Analyses from calc-alkaline samples show a more limited range from ~0.35-1.09 
wt% FeO. A generally positive correlation with An value is also observed for calc-
alkaline plagioclase, however FeO contents are lower than in many tholeiitic 
examples for a given An value.  A subgroup of analyses from tholeiitic clasts P1514 
and P1645 contain unusually high FeO (~1.25-1.60 wt%) for a given An value, and 
are clearly separated from the main trend of decreasing FeO with increasing degree 
of evolution.  
Plagioclase micro-cryst compositions from both compositional groups show a 
similar An range to plagioclase from the Oruanui high- and low-silica rhyolites, 
however extend to significantly higher TiO2, MgO and FeO (Figure 4.8c) contents 
at a given An value. Many also deviate significantly from plagioclase macro-
crystals in the mafic clasts, however, significant overlap with the Fe- and Mg-rich 
rims on some tholeiitic plagioclase macro-crystals is observed.  
 
4.3.2.2. Amphibole 
Groundmass amphibole compositions from both tholeiitic and calc-alkaline clasts 
include sadanagaite, tschermakite, magnesio-hornblende, magnesio-hastingsite, 
and pargasite (Figure 4.9; nomenclature of Hawthorne et al., 2012). A number of 
tholeiitic clasts also contain Ti-rich pargasite.  Fields for tholeiitic and calc-alkaline 
amphiboles overlap extensively for all major elements, although tholeiitic examples 
extend to significantly higher TiO2, MgO and CaO contents, and lower Al2O3 and 
FeO. 
Al2O3 contents range from 8.2-13.4 wt% in tholeiitic samples, and show a general 
negative correlation with SiO2 content. Calc-alkaline compositions extend to 
slightly higher Al2O3 contents (9.9-14.0 wt%). Clear grouping of compositions is 
obvious, with all calc-alkaline amphiboles, and a subset from several tholeiitic  
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Figure 4.9. Representative compositional plots for amphibole micro-crysts. Compositional fields depicted in e) 
are as defined by Hawthorne et al. (2012). All micro-cryst data were collected during this study, with the 
exception of the analyses of P1975, which are from Allan (2013). Solid blue and red fields show the range of 
Oruanui mafic clast macro-crystal compositions for the calc-alkaline and tholeiitic clasts, respectively (data 
from this study, Sutton (1995, as reported by Wilson et al., 2006) and Allan (2013). Fields of amphibole 
compositions from the Oruanui low-silica (dotted) and high-silica (dashed) rhyolites are plotted for comparison 
(data from Allan, 2013). Errors bars denote 2 SD uncertainty estimates based on repeat analyses of the Engels 
amphibole standard. Raw data are in the electronic appendix. 
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clasts (P1645, P742, P1948-3 and P1975) generally showing higher Al2O3 at a given 
SiO2 content than other tholeiitic amphiboles (Figure 4.9a). A subgroup of analyses 
from tholeiitic clasts P581, P661 and P2267 returned markedly lower Al2O3 values 
at a given SiO2 content than all other analyses. This same group of crystals also 
show considerably higher MgO at a given SiO2 value than other analyses (Figure 
4.9c).    
Micro-crysts from both compositional groups of clasts show almost no overlap with 
compositions observed in the Oruanui rhyolites, which have almost ubiquitously 
higher SiO2 and lower Al2O3 contents (Figure 4.9a). Overlap with macro-crystals 
from the mafic clasts is minor, with the micro-crysts extending to much lower CaO 
and higher MgO and TiO2 contents.  
 
4.3.2.3. Clinopyroxene 
Groundmass clinopyroxenes in calc-alkaline clasts are augite, with compositions 
ranging from En41Wo42Fs17 to En63Wo22Fs15. Compositions in P541, the single 
tholeiitic clast in which groundmass clinopyroxene was found, are all more Fe-rich 
and contain less CaO at a given En value, ranging from En38Wo42Fs20 (augite) to 
En60Wo14Fs25 (pigeonite). Tholeiitic examples generally display higher TiO2 and 
lower SiO2 contents at a given En value, although considerable overlap exists 
between the groups. Both the tholeiitic and calc-alkaline clinopyroxenes show 
linear trends on the Wo-En-Fs ternary (Figure 4.10), with En and Wo values varying 
at approximately constant Fs. Similar compositional trends have been documented 
in rapidly-crystallised pyroxenes elsewhere (e.g. Usselman et al., 1975; Usselman 
and Lofgren, 1976; Murphy et al., 2000; Hammer, 2006). Macro-crystals of 
clinopyroxene in tholeiitic clasts show some compositional overlap with 
groundmass clinopyroxene from both the tholeiitic and calc-alkaline groups at the 
lower-En, higher-Wo end of the observed range. Macro-crystal interiors mostly 
cluster within the range of calc-alkaline groundmass compositions for most 
elements, although generally show higher SiO2 and lower TiO2 at a given En value. 
Rim compositions, which are generally more Fe- and Ti-rich than interiors, show 
minor compositional overlap with micro-crysts from tholeiitic sample P541, and 
almost no overlap with calc-alkaline compositions.   
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4.3.3. Residual glass compositions 
Analyses of residual glass in the groundmass of the Oruanui mafic clasts returned 
compositions ranging from ~73-80 wt% SiO2 and 4.5-8.5 wt% total alkalis 
(normalised to a volatile-free basis), with most analyses clustered at >75 wt% SiO2 
(Figure 4.11). Glass compositional fields for the tholeiitic and calc-alkaline clasts 
overlap significantly, although tholeiitic compositions extend to notably higher 
MgO contents. Analyses from many clasts show strong linear trends on most major-
oxide vs. SiO2 plots, and the directions of these trends do not indicate simple mixing 
with the Oruanui rhyolite glass fields (as presented by Allan, 2013).  The 
compositional range of residual glass in the mafic clasts far exceeds the range 
observed in the Oruanui rhyolites. Interestingly, the most-evolved glass 
compositions recorded in the mafic clasts are more-evolved than any glass 
documented in the Oruanui rhyolites, and almost all glass in the mafic clasts has a 
lower total alkali content than glass from the rhyolites (with the exception of one 
outlier analysis from the rhyolites which returned low total alkali content) (Figure 
4.11d). These values may, to some extent, reflect normalisation after loss of volatile 
Na2O during analysis with a 5 µm-diameter spot. However, the low average error 
for repeated analyses of the rhyolite glass standard VG-568 Rhy during analytical  
Figure 4.10. Representative compositional plots for clinopyroxene micro-crysts. Solid red field shows the range 
of Oruanui mafic clast macro-crystal compositions for the tholeiitic clasts (data from this study, Sutton (1995, 
as reported by Wilson et al., 2006) and Allan (2013). The 2 SD uncertainty ellipse and error bars are derived 
from repeat analyses of the Kakanui augite standard. Raw data are in the electronic appendix. 
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Figure 4.11. Representative compositional plots for residual glass from Oruanui juvenile mafic clasts. All values 
normalised to 100% (volatile-free). Glass compositions from the Oruanui low-silica (dotted fields in plots a-d, 
grey points in e) and high-silica (dashed fields in plots a-d, yellow points in e) rhyolites are plotted for 
comparison (data from Allan, 2013). Errors bars denote 2 SD uncertainty estimates based on repeat analyses of 
the VG-568 Rhy rhyolite glass standard. Raw data are in the electronic appendix. 
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sessions (-4.4 %; see appendix, Table A1.6e) suggests Na2O losses were generally 
minimal, and the clustering of analyses from individual clasts with respect to total 
alkali content (Figure 4.11d) suggests random alkali losses were not significant. I 
therefore consider the compositional variations relative to the Oruanui rhyolite 
glasses to be, to a first order, accurate, and not simply a reflection of Na2O loss. 
K2O/Na2O ratios in glass from the mafic clasts reach up to 1.2, higher than any 
values recorded in Oruanui rhyolite glasses despite the consistently higher whole-
rock K2O/Na2O ratios in the latter (Figure 4.11e).   Again, this could be contributed 
in part to Na2O loss during analyses. However, the clear trend towards higher 
K2O/Na2O across most analyses, and the clustering of many analyses from the same 
clast within a narrow K2O/Na2O range suggests this feature is also largely real, and 
not an analytical artefact.  
 
4.4. TRACE ELEMENT COMPOSITIONS OF MINERALS  
4.4.1. Macro-crystal trace element compositions 
4.4.1.1. Plagioclase 
As with their major element compositions, plagioclase macro-crystal trace element 
compositions from both compositional groups show a large degree of overlap with 
existing data from both high- and low-silica rhyolite plagioclase (Figure 4.12). 
Differences between rim and core trace element compositions are not significant.  
Sr and Ba are the most abundant trace elements, reaching up to 930 and 530 ppm, 
respectively.  Ga contents reach up to ~35 ppm, and Li and Zn contents are < 30 
ppm. All rare earth elements have concentrations <1 ppm, with the exceptions of 
La (< ~10 ppm), Ce (< ~20 ppm), Nd and Eu (< ~5 ppm). Most trace elements show 
a large degree of scatter with respect to An content, however strong negative 
correlations are observed for Ba, La , Ce, Eu and Pb. The bimodality of plagioclase 
compositions in the calc-alkaline clasts highlighted by major element data is 
reinforced by their trace element compositions. The high-An population are 
characterised in particular by generally lower Li, Zn, Ga, and Sr. 
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4.4.1.2. Amphibole 
Amphibole macro-crystal trace element compositions from both tholeiitic and calc-
alkaline clasts also show a large degree of overlap with both low- and high-silica 
rhyolite crystals (Figure 4.13). Sc (< ~370 ppm), V (< ~530 ppm), Zn (< ~320 ppm), 
Sr (< ~180 ppm), Y (< ~320 ppm), Zr (< ~250 ppm), Ba and Nd (< ~130 ppm) are 
particularly abundant, whilst concentrations of Rb, Eu, Tm, Lu and Pb are notably 
low (< ~5ppm). Strong correlations with SiO2 are observed for most elements, with 
the exceptions of Rb, Hf, Ta and Pb. Most, including the majority of the rare earth 
elements, show general increases with SiO2 content, whilst Sr, Zr, Ba and Eu 
decrease. 
Figure 4.12. Representative compositional plots for plagioclase macro-crystals from Oruanui juvenile mafic 
clasts, highlighting the abundance of selected trace elements. Solid symbols denote compositions of crystal 
interiors, whilst hollow symbols with coloured outlines denote rim compositions. Fields for plagioclase from 
Oruanui low-silica (dotted) and high-silica (dashed) rhyolites are shown for comparison (data from Allan, 
2013). Data for P574 and some data for P987 and P919 collected by Allan (2013). All other data collected 
during this study. Errors bars denote 2 SD uncertainty estimates based on repeat analyses of the BCR-2G (trace 
elements) and Plagioclase NMNH 115900 (%An) standards. Raw data are in the electronic appendix.  
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4.4.2. Micro-cryst trace element compositions 
4.4.2.1. Plagioclase 
Plagioclase micro-cryst trace element compositions are broadly consistent with co-
occurring macro-crystals for most elements within uncertainty. Notable exceptions 
are Rb, Sr, Zr and Eu (Figure 4.14). Apparent relative enrichments Zr and Rb for 
some analyses may reflect the presence of micro-inclusions of glass within the 
plagioclase micro-crysts. Clustering of the majority of analyses for these elements 
at lower levels, within the range of co-occurring macro-crystals, supports this 
notion. Sr and Eu contents, however, deviate significantly from the macro- 
Figure 4.13. Representative compositional plots for amphibole macro-crystals from Oruanui juvenile mafic 
clasts, highlighting the abundance of selected trace elements. Solid symbols denote compositions of crystal 
interiors, whilst hollow symbols with coloured outlines denote rim compositions. Fields for amphibole from 
Oruanui low-silica (dotted) and high-silica (dashed) rhyolites are shown for comparison (data from Allan, 
2013). Errors bars denote 2 SD uncertainty estimates based on repeat analyses of the BCR-2G (trace elements) 
and Engels amphibole (SiO2) standards.  Data for P560 and P742 collected during this study. All other data are 
from Allan (2013). Raw data are in the electronic appendix.  
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crystals at a given An-value. The clustering of a large number of analyses at lower 
values relative to the macro-crystals suggests these trends are real, and not 
analytical artefacts. 
 
4.4.2.2. Amphibole 
Amphibole micro-cryst trace element compositions (Figure 4.15) show significant 
departure from the compositions of co-occurring macro-crystals for most trace  
Figure 4.14. Representative compositional plots for plagioclase micro-crystals from Oruanui juvenile mafic 
clasts, highlighting the abundance of selected trace elements. Fields for plagioclase macro-crystals from 
tholeiitic and calc-alkaline clasts are shown in red and blue, respectively (data from Allan, 2013, and this study). 
Errors bars denote 2 SD uncertainty estimates based on repeat analyses of the BCR-2G (trace elements) and 
Plagioclase NMNH 115900 (%An) standards.  Raw data are in the electronic appendix.  
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Figure 4.15. Representative compositional plots for plagioclase micro-crystals from Oruanui juvenile mafic 
clasts, highlighting the abundance of selected trace elements. Fields for amphibole macro-crystals from 
tholeiitic and calc-alkaline clasts are shown in red and blue, respectively (data from Allan, 2013, and this study). 
Raw data are in the electronic appendix.  
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elements, with the exceptions of V, Co, Ga, Zr, Hf and Ta. A systematic relationship 
with SiO2 is not observed for any element, and overlap between clasts, both within 
and between the tholeiitic and calc-alkaline groups, is substantial.  
The majority of elements show a general trend of depletion relative to the amphibole 
macro-crystals, with generally lower contents of Sc (<~200 ppm), Zn (most 
analyses <~150 ppm), Y (<~100 ppm), Nb (most analyses <~10 ppm), and all rare 
earth elements.  Conversely, Rb, Sr, Ba and Pb are generally enriched relative to 
the macro-crystals. Although analytical precision is relatively poor for many 
elements due to the small laser spot size used (see appendix, Table A1.8b), 
consistent clustering of analyses at higher or lower values relative to the macro-
crystals suggests these trends are not analytical artefacts.  
  
4.5. MICRO-CRYST COMPOSITIONAL TRENDS WITHIN TEXTURAL 
GROUPS  
A major objective of this thesis work is to investigate the relationship (or lack 
thereof) between the diverse groundmass textures of the Oruanui juvenile mafic 
clasts and the geochemistry of their micro-crysts and residual glasses. These 
relationships are explored in this section, employing the textural groupings of clasts 
introduced in section 3.3. Possible links between conditions under which 
crystallisation occurred, textural properties, and groundmass major element phase 
chemistries are then discussed in Chapter 5.   
 
4.5.1. Plagioclase 
Significant clustering of plagioclase micro-cryst major element compositions is 
observed for many of the textural groups, and is particularly evident within the 
tholeiitic suite. Plagioclase compositions from groups TH-1 and TH-4 both display 
a strong mode in the range An45-50 (Figure 4.16). In contrast, compositions from 
groups TH-2 and TH-5 are generally more sodic, with modes between An35-40. 
Differences are also apparent between the calc-alkaline groups, with CA-2 
distinguished from CA-1 by its higher-An mode (An60-65 for CA-2 vs. An50-55 for 
CA-1).  
104 
 
 
 
Figure 4.16. Histograms of plagioclase micro-cryst An content for each textural group. Raw data are in the 
electronic appendix. 
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Some clustering of the tholeiitic textural groups is also observed with respect to 
minor element compositions. A clear split in the MgO and FeO contents of 
plagioclase in the tholeiitic groups is observed, with the majority of TH-5 analyses 
returning higher MgO and FeO values at a given An value than those in TH-1 and 
TH-4, which overlap extensively (Figure 4.17a, b).  Compositions from group TH-
2 are split between these two trends, with some showing high MgO at a given An 
value and overlapping the TH-5 field, and others clustering within the range of the 
majority of TH-1 and TH-4 compositions.  Group TH-2 plagioclase is 
compositionally distinguished from those in the other tholeiitic textural groups by  
 
 
Figure 4.17. Plagioclase micro-cryst compositional plots, highlighting the clustering of similar compositions 
within textural groups. Raw data are in the electronic appendix. Errors bars denote 2 SD uncertainty estimates 
based on repeat analyses of plagioclase standard NMNH 115900. 
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its generally low TiO2 content, with only one analysis returning TiO2 >0.13 wt% 
(Figure 4.17c). No clear clustering of minor element compositions in the calc-
alkaline compositional groups is observed, with extensive overlap between groups 
CA-1 and CA-2. 
 
 4.5.2. Amphibole 
As with plagioclase, some significant clustering of major element compositions 
within textural groups is observed for amphibole, particularly within the tholeiitic 
groups. A compositional split is readily apparent between amphiboles from the 
tholeiitic plagioclase-dominated groups TH-4 and TH-5, with TH-4 amphiboles 
showing almost ubiquitously higher TiO2, MgO and Na2O and lower Al2O3, FeO 
and K2O contents (Figure 4.18). Group TH-1 amphiboles cover the majority of the 
total compositional spread observed in the mafic clasts for most elements, although 
they are generally Na2O enriched and K2O depleted relative to amphiboles from 
TH-5 and the calc-alkaline groups (Figure 4.18b, c). 
An interesting clustering is observed with respect to amphibole Al2O3 contents for 
some textural groups (Figure 4.18d). Both calc-alkaline groups, and the majority of 
TH-2 analyses show generally higher Al2O3 at a given SiO2 content. In contrast, the 
plagioclase-dominated tholeiitic groups TH-4 and TH-5 show generally lower 
Al2O3 contents at a given SiO2 content, with Al2O3 contents almost always lower in 
TH-4 than in TH-5. Analyses from TH-1 cover almost the entire range in Al2O3 
content. Given that Al is a particularly important element in thermobarometric 
formulations based on amphibole composition (e.g. Ridolfi et al., 2010), the 
observed grouping of Al2O3 compositions with respect to texture is intriguing. The 
possibility of intensive variables such as pressure and temperature (which may be 
reflected in the amphibole Al2O3 contents) simultaneously influencing groundmass 
compositions and textures is explored in Chapter 5.     
 
4.5.3. Glass 
Glass compositions overlap extensively between the textural groups for most 
elements, with no obvious clustering. An exception is the total alkali content (Figure  
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4.19), with most analyses from TH-1 returning lower alkali contents than the 
majority of analyses from the other tholeiitic groups. A split is also observed 
between the calc-alkaline groups, with all analysed glass from CA-1 showing 
ubiquitously lower alkali contents than glass from CA-2.  
   
 
Figure 4.18. Amphibole micro-cryst compositional plots, highlighting clustering of similar compositions 
within textural groups. Errors bars denote 2 SD uncertainty estimates based on repeat analyses of the Engels 
amphibole standard. Raw data are in the electronic appendix.  
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4.6. SUMMARY  
The new mineral and glass compositional data presented in this chapter complement 
data from earlier studies, providing a significantly expanded dataset with which the 
processes of quench crystallisation of the mafic clasts can be examined.  
The new macro-crystal compositional data presented here re-iterate points made by 
previous authors, particularly regarding the strong degree of compositional overlap 
between many macro-crystals hosted in the mafic clasts and crystals from the 
Oruanui rhyolites (Allan, 2013), and the presence of high-Fo olivine and high-An 
plagioclase in the calc-alkaline clasts (Sutton, 1995; Wilson et al., 2006; Allan, 
2013).  
The greatly expanded micro-cryst compositional dataset resulting from this study 
highlights a diversity in the compositions of groundmass crystals, both within and 
between clasts. Compositions from calc-alkaline and tholeiitic clasts show 
significant overlap, suggesting physical processes, rather than bulk composition, 
are exerting the dominant control on groundmass phase chemistries. Obvious 
clustering of textural groups with respect to mineral compositions suggests a 
fundamental link between groundmass chemistries and textures. Possible controls 
on groundmass chemistries and textures, and their implications for models of mafic 
clast generation, are explored in Chapter 5.
Figure 4.19. Residual glass total alkali vs. SiO2 plot, highlighting clustering of textural groups with respect to 
alkali content. All values normalised to 100%. Errors bars denote 2 SD uncertainty estimates based on repeat 
analyses of the VG-568 Rhy rhyolite glass standard. 
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5. Textures, Geochemistry and Generation of the 
Oruanui Mafic Clasts: A Discussion 
 
5.1. INTRODUCTION 
The occurrence of quenched mafic clasts in the Oruanui eruption deposits indicates 
that intimate interaction between mafic and felsic magmas was an important process 
during, and possibly prior to, the eruption. However, despite the significant role 
mafic magmas played in the eruption, mafic-felsic interactions in the Oruanui 
magma system have not been quantified except in outline.  Previous studies of the 
Oruanui mafic clasts have largely focused on whole-rock geochemistry, and the 
textural and geochemical properties of their macro-crystal populations. These 
studies have been important in establishing the juvenile nature and broad 
geochemical and petrographic characteristics of the mafic clasts (see section 1.5 for 
a summary: Sutton, 1995; Sutton et al., 1995; Wilson et al., 2006; Allan, 2013). 
However, these studies have raised many questions regarding the origin of the mafic 
magmas, and the nature of their interaction with the host rhyolite: 
1. Why are two distinct compositional groups of mafic magma involved in the 
eruption, and from where are they sourced? 
2. Over what timescales did the mafic magmas interact with the Oruanui rhyolite? 
3. How is the quench crystallisation of the mafic magmas in the host rhyolite 
manifested in the textures and mineral and glass chemistries of the mafic clasts? 
4. What are the dominant controls on the formation of groundmass textures in the 
Oruanui mafic clasts, and what can they tell us about the nature of interaction 
between the mafic and felsic magmas?  
5. Are any published models of mafic-felsic interaction and formation of mafic 
inclusions applicable to the Oruanui eruption? 
The groundmasses of mafic inclusions in silicic volcanic deposits are inferred to 
form by rapid quench crystallisation of mafic magma as it encounters and interacts 
with a cooler silicic magma body (e.g. Bacon, 1986). Since groundmass 
crystallisation in mafic inclusions is a direct consequence of interaction with felsic 
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magma, insights into the nature of this process may be contained in their 
groundmass textures and mineral and glass chemistries. Detailed study of the 
groundmasses of quenched mafic inclusions is therefore a worthwhile undertaking 
for elucidating details of the processes of mafic-felsic interactions.  
Earlier studies of the Oruanui mafic clasts did not examine groundmass textures or 
geochemistry in any detail. Consequently, a major objective of this study has been 
to document and quantify textural and geochemical characteristics of Oruanui 
juvenile mafic clast groundmasses (presented in chapters 3 and 4, respectively). In 
this chapter, this new information, as well as new whole-rock and macro-crystal 
compositional data, are interpreted together with pre-existing Oruanui mafic clast 
whole-rock and mineral-specific datasets. New perspectives provided by the 
groundmass textures and chemistries of the mafic clasts enable some of the 
outstanding questions regarding the origin of the Oruanui mafic magmas, and the 
nature of their interaction with the host rhyolite, to be addressed. Note that many of 
the figures included in this chapter are reproduced from earlier chapters for ease of 
reference. 
 
5.2. MACRO-CRYSTALS: SOURCES AND IMPLICATIONS 
The new macro-crystal compositional data presented in this study re-iterate the 
conclusions of Allan (2013) regarding the inheritance of crystals from the Oruanui 
rhyolite. Mafic clast plagioclase, amphibole and orthopyroxene macro-crystals all 
show significant compositional overlap with crystals derived from both Oruanui 
rhyolite types (Figures 4.3, 4.5, 4.7, 4.12, 4.13), suggesting that ingestion of 
rhyolitic crystals occurred during mingling of the mafic and felsic magmas. The 
overlap is most significant for low-silica rhyolite compositions. Plagioclase macro-
crystal rims are commonly enriched in MgO and FeO relative to cores (Figure 4.3) 
and overlap with compositions of plagioclase micro-crysts, probably representing 
late-stage growth in a more mafic melt after ingestion. The variable degrees of 
resorption of rhyolite-derived crystals may indicate ingestion, and subsequent 
dissolution, occurred progressively (e.g. Nixon and Pearce, 1987).  
Despite the significant overlap with rhyolitic phenocryst compositions, a large 
number of analyses of all macro-crystal mineral phases (particularly 
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orthopyroxene) returned compositions distinct from the rhyolite crystals, indicating 
they may be true phenocrysts native to the mafic magma. Clinopyroxene has not 
been documented in Oruanui rhyolite, and mafic-hosted clinopyroxene is therefore 
inferred to be phenocrystic.  
The bimodality of plagioclase macro-crystals in the calc-alkaline clasts documented 
by Wilson et al. (2006) is confirmed in this study. The high-An population (An89-
93) shows no overlap with compositions observed in the Oruanui rhyolites (Figure 
4.3), and is clearly derived from a primitive source deeper in the system, 
presumably the same source as the Fo-rich olivines. 
An intriguing point raised by the predominance of rhyolite-derived macro crystals 
in the mafic clasts is the scarcity of evidence for ingested rhyolitic melt (glass), and 
the lack of evidence for a mixing trend towards Oruanui rhyolite glass compositions 
in the residual glass of the mafic clasts (Figure 5.14). Ingestion of rhyolitic material 
appears to have been largely restricted to macro-crystals with narrow films of 
adhering melt, and hybridisation of residual melt from the mafic magmas and 
rhyolite-derived melt did not occur. The dominance of crystals sourced from the 
low-silica rhyolite (i.e. the rhyolite melt inferred by Allan [2013] to be hosted within 
the mush) relative to the high-silica rhyolite (i.e. that forming the melt-dominant 
body), and the relative scarcity of ingested melt, implies that generation of the mafic 
clasts occurred at a relatively shallow transition zone between the rigid mush and 
the overlying crystal-poor rhyolite. Occasional crystals derived from the high-silica 
rhyolite could be expected to occur within such a zone. Allan (2013) showed that 
quartz was stable only in the very uppermost regions of the mush and within the 
melt-dominant body itself, therefore if clast generation occurred predominantly 
below the stability limit of quartz, such a model could possibly also explain the 
extreme rarity of quartz macro-crystals in the mafic clasts. This possibility is 
explored further in section 5.5.     
 
5.3. CONTROLS ON GROUNDMASS TEXTURAL DEVELOPMENT AND 
PHASE CHEMISTRIES 
5.3.1. Phase abundances 
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Figure 5.1. [a)-d) repeated for reference from Figure 3.3., e) repeated Figure 3.4.] a)-d) Groundmass mineral 
and void area fractions (minerals normalised to a void-free basis) vs. whole-rock SiO2 content. e) Groundmass 
ϕplagioclase/ϕamphibole ratio vs. whole-rock SiO2 content.  Raw data listed in Table 3.1. 
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Differences in the abundances (ϕ) of groundmass mineral phases and voids are 
significant across the mafic clast sample suite.  
ϕamphibole shows a fairly strong negative correlation between with whole-rock SiO2 
(Figure 5.1a) suggesting that the abundance of amphibole is largely controlled by 
bulk chemistry. A similar (although weaker), correlation with whole-rock SiO2 is 
observed for ϕoxides (Figure 5.1d).  Plagioclase, on the other hand, shows a less 
apparent relationship to bulk chemistry (Figure 5.1b), indicating that other factors, 
possibly local melt water content (e.g. Sisson and Grove, 1993) and/or degree of 
undercooling (Shea and Hammer, 2013) must influence the abundance of 
plagioclase. ϕvoids shows no relationship to SiO2 content (Figure 5.1c), and instead 
is interpreted to reflect random local variations in the volatile content of the 
crystallising mafic magma.  
ϕplagioclase/ϕamphibole ratios are broadly correlated with bulk chemistry (Figure 5.1e), 
although it is clear that other factors must also exert an influence.  Recent 
experimental cooling-induced crystallisation of a basaltic andesite magma with a 
broadly similar bulk chemistry to the Oruanui mafic magmas (~55.7 wt% SiO2, ~5.2 
wt% Na2O + K2O) revealed a correlation between the relative abundance of 
plagioclase, amphibole and clinopyroxene and the degree of undercooling at which 
crystallisation occurred (Shea and Hammer, 2013; Figure 5.2). As a result of 
changes in their relative nucleation and growth rates, the abundance of amphibole 
relative to plagioclase was found to increase with degree of undercooling, whilst 
the abundance of clinopyroxene decreased.  This may suggest that much of the 
scatter in ϕplagioclase/ϕamphibole ratios in the Oruanui mafic clasts that is not explained 
by bulk chemistry reflects variations in the degree of local undercooling 
experienced by each clast. ϕplagioclase/ϕamphibole ratios in the range observed in the 
Oruanui mafic clasts were observed by Shea and Hammer (2013) to crystallise at 
undercoolings of ~100-150˚C (Figure 5.2), broadly consistent with the degree of 
undercooling inferred for the Oruanui mafic magmas on quenching to rhyolite 
temperatures. The dominance of clinopyroxene over amphibole in the groundmass 
of tholeiitic clast P541 possibly reflects crystallisation at a lower degree of 
undercooling, at which amphibole nucleation and growth was suppressed (cf. Shea 
and Hammer, 2013; Figure 5.2).  
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5.3.2. Crystal sizes and area number densities 
Micro-cryst sizes and area number densities (NA) values show no correlation with 
whole-rock chemistry (Figures 3.6, 3.15a), and therefore must have been primarily 
dictated by the cooling history of each clast.  Crystal sizes and number densities are 
a reflection of the relative importance of growth and nucleation, respectively, during 
crystallisation. These rates are related to the degree of undercooling at which 
crystallisation occurred (e.g. Lofgren, 1980; Kirkpatrick, 1981). Initially, both 
nucleation and growth rates increase due to undercooling. However, further cooling 
increases the viscosity of the melt, and slows the diffusion of chemical components 
to the interfaces of growing crystals. Nucleation and growth rates therefore reach a 
peak at a certain degree of undercooling, then begin to decline. Maximum growth 
rates generally occur at higher temperatures (lower undercooling) than maximum 
nucleation rates (Figure 5.3), as the slow diffusivity of chemical components 
through the melt at high degrees of undercooling makes formation of new local 
crystal nuclei easier than continuing the growth of a smaller number of widely- 
Figure 5.2. Phase abundances after 48 hours of crystallisation vs. undercooling relative to the feldspar liquidus 
for single step cooling experiments performed by Shea and Hammer (2013). After Figure 6a of Shea and 
Hammer (2013). 
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spaced crystals. At low degrees of undercooling, where growth dominates over 
nucleation, crystal sizes are large and number densities are low. Conversely, where 
nucleation dominates over growth at high degrees of undercooling, many small 
crystals, in the ultimate case microlites and nanolites, form (e.g. Lofgren et al., 
1974; Lofgren, 1980; Swanson, 1977; Cashman and Blundy, 2000; Hammer and 
Rutherford, 2002).  
The wide range in amphibole sizes and NA values documented across the mafic clast 
sample suite, and the inverse relationship between them (Figure 5.4), suggests the 
relative importance of nucleation and growth during groundmass crystallisation 
varied between clasts. This implies crystallisation likely occurred at a range of 
degrees of undercooling. Given that, to a first order, the mafic magmas were 
quenched to the same temperature (i.e. that of the host rhyolite material), and 
variations in the liquidus temperature across the range of mafic compositions 
observed would not be more than ~50˚C (temperature estimates for the mafic 
magmas from Allan (2013) based on Fe-Ti oxide thermometry show a range of only 
~60˚C), variability in the degree of undercooling experienced by individual clasts 
must primarily relate to the rates at which they cooled. Cooling rate is known to 
exert a major control on the degree of undercooling experienced by a crystallising 
magma, as nucleation, growth, and diffusion of components through the melt cannot  
Figure 5.3. Schematic representation of changes in crystal growth and nucleation rates as a function of 
undercooling. Modified after Cashman and Blundy (2000). 
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occur rapidly enough to maintain equilibrium during fast cooling, and significant 
undercooling of the melt results. The primary influence of cooling rate on 
nucleation and growth rates in mafic magmas is a common assumption and agrees 
with the findings of Cashman (1993), who showed that plagioclase crystal sizes and 
number densities in crystallising basalts are a predictable function of cooling rate. 
Possible crystal coarsening during annealing is discounted due to the abundance of 
residual glass in the mafic clasts, which would be expected to recrystallise rapidly 
(within days to weeks) at temperatures appropriate to immersion in rhyolite 
(Lofgren, 1971a).  
The abundance of crystal size gradients across clasts, and the diverse range of 
groundmass textures observed, suggests that individual mafic clasts crystallised as 
discrete blebs within the host rhyolite rather than within a coherent mafic layer. By 
approximating crystallising blebs as spheres and applying a simple conductive 
cooling model, cooling rates for the mafic clasts can be calculated to a first order.  
The time taken for a spherical mafic bleb to cool to the ambient temperature of the 
host rhyolite (t) can be approximated by: 
 
Figure 5.4. [Figure 3.15d repeated for reference.] Median amphibole micro-cryst size vs. NA. 
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𝑡 = 𝑟2/8𝜅 
where r is the radius of the bleb, and κ is the thermal diffusivity of the mafic magma 
(Sparks et al., 1977). Assuming a value for κ in andesitic magmas of 5 x 10-7 m2 s-
1 (Annen et al., 2006), a mafic bleb with a radius of 10 cm, approximately equivalent 
to the size of the largest mafic clasts, would cool to the ambient temperature of the 
rhyolite host in approximately 40 minutes. Given Allan’s (2013) estimates for the 
temperatures of the Oruanui low-silica rhyolites and mafic magmas of ~820-850˚C 
and ~1000˚C, respectively, and assuming negligible cooling of the more 
voluminous rhyolite, this corresponds to a cooling rate of >200˚C hr-1. Smaller blebs 
would cool even more rapidly. 
Oruanui mafic clasts showing concentric micro-cryst size gradations between cores 
and margins are subordinate to those that show gradations between opposite 
margins, or no size gradation at all. It therefore appears that most clasts represent 
fragments of larger mafic bodies that chilled, and then disaggregated after at least 
partially crystallising. The ~200˚C hr-1 cooling rate calculated above is therefore 
likely higher than that experienced by the majority of the mafic clasts.   
Because cooling rates for spherical magma globules are inversely proportional to 
the square of their radii, a rapid decline is observed with increasing bleb size (Figure 
5.5). Consequently, if the injected mafic magma broke into small sub-spherical  
 
 
 
 
 
 
 
 
 
Figure 5.5. Modelled cooling rates for spherical blebs of mafic magma, assuming κ = 5 x 10-7 m2 s-1 and initial 
and final temperatures of 1000˚C and 850˚C, respectively. 
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blebs with a range of sizes, the cooling rates experienced by different blebs could 
vary markedly. Spherical blebs with radii ranging from 0.1-1 m, for example, would 
experience cooling rates ranging from ~200 – 2 ˚C hr-1, a difference of two orders 
of magnitude. Crystallisation of the mafic clasts within globules with a range of 
sizes (that subsequently underwent further disintegration) could therefore explain 
much of their variation in groundmass crystal sizes and NA values. 
The general negative correlation between ϕvoid and amphibole NA (Figure 5.6) 
suggests that melt volatile contents may have exerted some control on nucleation 
density. This suggests that nucleation occurs more easily in dense, poorly 
vesiculated magma, and becomes progressively more difficult as magma 
vesiculates and the melt degasses.  
The textural groups defined in Chapter 3 show an interesting split with respect to 
median amphibole size at a given amphibole NA value (Figure 5.7). Tholeiitic 
groups TH-1 and TH-2 show almost ubiquitously higher median amphibole sizes at  
 
 
Figure 5.6. [Figure 3.15c repeated for reference.] Void area fraction vs. amphibole micro-cryst NA. 
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a given NA value than the other tholeiitic groups, whilst the same is true for CA-1 
and the other calc-alkaline groups. Given that the textural groups with higher 
median sizes at a given NA fall towards the less-evolved end of their respective 
compositional spectra (Figure 3.18), faster growth at a given nucleation rate in the 
less-evolved, less-viscous magmas could explain this feature.      
 
5.3.3. Crystal morphologies 
Experimental studies have highlighted a strong correlation between the degree of 
undercooling at which crystallisation occurs and the morphologies of growing 
crystals (e.g. Lofgren, 1974, 1980; Lofgren et al., 1974; Fenn, 1977; Kirkpatrick et 
al., 1979; Hammer and Rutherford, 2002; Shea and Hammer, 2013). As the ratio of 
the diffusion rates of impurity components rejected during growth to the growth 
rate of the crystal (D/G) decreases with increasing undercooling, a systematic 
departure of crystal morphologies from equilibrium form is observed: from tabular, 
to skeletal, dendritic, and finally spherulitic. Because textural development in 
crystallising magmas is now known to be controlled by a complex interplay of many 
factors in addition to undercooling, including oxygen fugacity (e.g. Usselman and 
Figure 5.7. [Figure 3.19a repeated for reference.] Median amphibole size vs. NA, highlighting differences 
between textural groups.  
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Lofgren, 1976; Hammer, 2006), bulk composition (e.g. Kirkpatrick, 1974; Lofgren, 
1974), and pre-cooling history (e.g. Lofgren, 1977; Walker et al., 1978; Corrigan, 
1982; Lofgren, 1983), a direct link cannot be made between the degree of 
undercooling at which crystallisation occurred and the resulting crystal 
morphologies. Despite this, the morphologies of groundmass crystals in the Oruanui 
juvenile mafic clasts, and reasonable estimates of the degree of undercooling at 
which they crystallised (based on the known temperature to which they were 
quenched), raise some points for discussion. 
The abundance of acicular, swallowtail and hopper crystals in most Oruanui mafic 
clasts is consistent with crystallisation at high degrees of undercooling. Shea and 
Hammer (2013) produced closely similar morphologies from a basaltic andesitic 
melt at undercoolings ranging from 82-155˚C (relative to the feldspar liquidus) 
during 48 hour crystallisation runs. The closest resemblance was observed for runs 
with undercoolings of 137 and 155˚C, where elongate to acicular plagioclase and 
amphibole crystals, commonly with swallowtail or hopper morphologies, were 
observed (Figure 5.8). Amphibole crystallised only after dwell times of at least 24 
hours, at final temperatures <1000˚C, and the crystals were observed to become 
increasing elongate with increasing undercooling, ultimately forming clusters at the 
highest degrees of undercooling. These degrees of undercoolings are closely 
consistent with those at which comparable plagioclase/amphibole abundance ratios 
to the Oruanui mafic clasts were also produced (~100-150˚C, as discussed in section 
5.3.2.). Given the known ~150˚C temperature difference between the mafic 
magmas and the low-silica rhyolite against which they are inferred to have 
quenched, undercoolings of ~100-150˚C can reasonably be inferred for groundmass 
crystallisation of the mafic clasts.  
Spherulites, as defined by Lofgren (1971b, 1974), are clusters of confocally 
radiating crystals. Contrary to the implication of their name, they need not be 
spherical, and may show a range of forms including bow-tie-shaped, fan-shaped, 
plumose, and variolitic (see Figure 1 and Table 2 of Lofgren, 1974). The radiating 
crystal clusters observed in the groundmasses of some Oruanui mafic clasts 
(Figures 2.18, 2.19) are classified as spherulites under this definition. Experimental 
studies have shown that spherulites may form either by devitrification of silicic 
glass (Lofgren, 1971a), or by direct crystallisation from a melt at high degrees of  
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undercooling (e.g. Lofgren, 1974; Kirkpatrick et al., 1979). Kirkpatrick et al. (1979) 
found that undercoolings greater than ~100˚C were required to crystallise 
spherulites in the anorthite-albite system. In similar experiments with plagioclase 
gels, Lofgren (1974) observed spherulites at undercoolings >~250˚C. Further 
crystallisation experiments with natural MORB samples produced fan spherulites 
of plagioclase at undercoolings of 70 - 90˚C.  These values are broadly consistent 
(to a first order) with the undercooling of ~100-150˚C inferred for the Oruanui 
mafic magmas.   
Many experiments have shown that dendritic crystals develop at levels of 
undercooling intermediate between the high undercoolings where spherulite 
development occurs, and the lower undercoolings where acicular crystals dominate 
(e.g. Lofgren, 1974, 1980).  The lack of truly dendritic crystals in the Oruanui mafic 
Figure 5.8. a) and b) BSE images reproduced from Shea and Hammer (2013) showing textures comparable to 
the groundmasses of many Oruanui mafic clasts, produced during crystallisation of a hydrous basaltic andesite 
melt over 48 hours at 250 MPa, with undercoolings of a) 137˚C and b) 155˚C relative to the feldspar liquidus. 
Crystallisation was induced by a single step of cooling. Representative examples of glass (gl), plagioclase (pl), 
hornblende (hb) and olivine (ol) are labelled. Scale bars are 200 µm. Photomicrographs (cross-polarised light) 
from Oruanui mafic clasts c) P1975 and d) P581 are shown for comparison. 
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clasts, despite the abundance of spherulites, acicular crystals, and other crystal 
forms indicative of diffusion-limited growth such as swallowtail and hopper, is 
therefore worthy of note. In their crystallisation experiments on a hydrous basaltic 
andesite, Shea and Hammer (2013) also failed to generate dendrites despite 
crystallising abundant acicular, hopper, swallowtail and spherulitic forms. As a 
possible explanation, they proposed that the diffusivities of crystal-forming 
components in hydrous melts are too rapid for dendritic growth to occur. This 
explanation is also plausible for the Oruanui mafic clasts given their abundance of 
groundmass amphibole and ubiquitous voids, which indicate volatile (likely mostly 
water, from the measurements of Liu et al., 2006) saturation.     
 
5.3.4.  Plagioclase compositions 
Plagioclase compositions are weakly correlated with whole-rock chemistry (Figure 
5.9), indicating that other factors such as conditions of crystallisation and/or local 
water content must have been the dominant factors determining composition. A 
complex interplay of these factors is likely, and makes discerning the dominant 
effect difficult. 
 
 
 
 
 
 
 
 
 
 
Figure 5.9. [Figure 4.8b repeated for reference.] Anorthite content (mol %) of plagioclase micro-crysts from 
Oruanui mafic clasts vs. whole-rock SiO2 content of the host clast (as determined by XRF). Whole-rock data 
compiled from this study, Sutton (1995, as reported in Wilson et al., (2006) and Allan (2013). All micro-cryst 
compositions were determined in this study except for P1974 and P1975, which are from Allan (2013). Error 
bars denote 2 SD uncertainty estimates based on repeat analyses of plagioclase standard NMNH 115900 (% 
An) and XRF standard WS-E (whole-rock SiO2).  Raw data are in the electronic appendix. 
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An important point is that plagioclase micro-cryst compositions from a given clast 
span a wide range (generally ~20-40 mol% An). Sodic plagioclase with equilibrium 
compositions appropriate to rhyolite magmas commonly co-exists in close 
proximity with more calcic plagioclase typical of crystallisation from mafic 
magmas. This suggests that the compositions of rapidly co-crystallising plagioclase 
crystals are, to some degree, randomly dictated by the local availability of 
constituent elements in the heterogeneous, rapidly evolving melt, both that within 
the mafic bleb itself, plus any ingested host rhyolite melt.     
Relatively tight clustering of plagioclase compositions for many of the groundmass 
textural groups (Figure 5.10) suggests a fundamental link between plagioclase 
compositions and textural development. This reason for this is unclear, and likely  
 
Figure 5.10. [Figure 4.17 repeated for reference.] Plagioclase micro-cryst compositional plots, highlighting the 
clustering of similar compositions within textural groups. Error bars denote 2 SD uncertainty estimates based 
on repeat analyses of plagioclase standard NMNH 115900. Raw data are in the electronic appendix. 
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relates to a complex combination of factors such as local variations in cooling rate, 
degree of undercooling, water content, and bulk composition. Textural groupings 
do show some clustering with respect to whole-rock chemistry, and it is likely that 
this does have some influence. However, the lack of a systematic relationship 
between whole-rock chemistry and plagioclase compositions illustrated in Figure 
5.9, and the considerable overlap in plagioclase compositions between the tholeiitic 
and calc-alkaline clasts, shows that this cannot be the dominant control.   
In their cooling-induced crystallisation experiments with a hydrous basaltic 
andesite melt, Shea and Hammer (2013) found a systematic decrease in plagioclase 
An-content with increasing undercooling below the plagioclase liquidus, 
accompanying the decrease in the abundance of plagioclase relative to amphibole 
discussed in section 5.3.1. This suggests that local variations of the degree of 
undercooling during crystallisation of the Oruanui mafic clasts likely exerted some 
influence on plagioclase compositions. However, given that plagioclase from clasts 
belonging to textural group TH-1 (which is characterised by the lowest 
ϕplagioclase/ϕamphibole ratios) shows a modal An-content equal to or higher than all other 
tholeiitic textural groups, a simple direct link between degree of undercooling, 
plagioclase chemistry and textural development can be ruled out.   
The consistency (within uncertainty) between of plagioclase micro-crysts and 
macro-crystals with respect to most trace elements reflects the high incompatibility 
of the majority of trace elements in plagioclase over a range of conditions (e.g. 
Drake and Weill, 1975). Lower Sr at a given An value in some micro-crysts (Figure 
4.14 b) may result from considerable uptake of available Sr by abundant co-
crystallising amphibole micro-crysts.  Generally lower Eu content at a given An-
value in the micro-crysts (Figure 4.14 d) is inferred to reflect the higher oxygen 
fugacity of the mafic magmas relative to the rhyolites (cf. Drake and Weill, 1975; 
Aigner-Torres et al., 2007).  
 
5.3.5. Amphibole Compositions 
Amphibole micro-cryst compositions in the Oruanui mafic clasts are also diverse, 
both within and between clasts. Some departure in composition between 
amphiboles from the tholeiitic and calc-alkaline clasts is observed (Figure 4.10e), 
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indicating some influence of melt composition on amphibole stoichiometry. 
However, as for plagioclase, variations between clasts do not directly correlate with 
bulk chemistry, and local variations in conditions of crystallisation appear to have 
played an important role in dictating amphibole composition. Clustering of 
amphibole major element compositions with respect to textural groups (Figure 
5.11) suggests a link between controls on texture and amphibole chemistry which, 
as with the plagioclase, cannot be explained solely by bulk composition.  
The marked depletions in Sc, Zn, Y, Nb and rare earth elements in amphibole micro-
crysts relative to co-occurring macro-crystals (Figure 4.15) are inferred to represent 
the higher compatibility of these elements in the more silicic Oruanui rhyolite 
magma from which the macro-crystals were derived (e.g. Ewart and Griffin, 1994; 
Hilyard et al., 2000; Adam et al., 2007), and their concentration in the Oruanui 
rhyolite melt due to extensive crystal fractionation. Generally higher Sr and Ba in 
the micro-crysts relative to the macro-crystals is inferred to reflect the greater 
availability of these elements in the mafic melt, due to less extensive fractionation 
of plagioclase compared with the rhyolite in which the macro-crystals grew.   
 
5.3.5.1. Amphibole geothermobarometry 
Amphibole composition is known to be influenced by factors such as temperature, 
pressure and water activity. As a result, many formulations have been derived to 
link amphibole compositions with intensive variables (e.g. Hammarstrom and Zen, 
1986; Blundy and Holland, 1990; Holland and Blundy, 1994; Ridolfi et al., 2010; 
Ridolfi and Renzulli, 2012). The link between groundmass textures and amphibole 
chemistry in the Oruanui mafic clasts raises the possibility that both were dictated 
by intensive variables. Al content is particularly important in thermobarometric 
formulations based on amphibole composition, and is known to be strongly 
influenced by pressure (e.g. Hammarstrom and Zen, 1986; Ridolfi et al., 2010, 
Ridolfi and Renzulli, 2012). The clustering of textural groups with respect to 
amphibole Al2O3-content (Figure 5.11d) may therefore suggest that crystallisation 
occurred at a range of depths (and therefore pressures), which influenced both the 
resulting amphibole compositions and textures.   
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Commonly used amphibole geothermobarometric formulations such as those of 
Ridolfi et al. (2010) and Ridolfi and Renzulli (2012) are calibrated for near-
equilibrium crystallisation. Application to crystals showing evidence for textural 
and compositional disequilibria, such as quenched crystals in mafic inclusions, is 
not advised. However, the possibility that depth of crystallisation (i.e. pressure) may 
have exerted a primary control on both textural properties and amphibole chemistry 
Figure 5.11. [Figure 4.18 repeated for reference.] Amphibole micro-cryst compositional plots, highlighting 
clustering of similar compositions within textural groups. Raw data are in the electronic appendix. 
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makes testing these formulations with groundmass compositions from the Oruanui 
mafic clasts an interesting exercise. Context with which to interpret the results are 
provided by Allan (2013), who used a range of geothermobarometers to infer 
approximate depths for the top and bottom of the Oruanui melt-dominant (high-
silica rhyolite) body, and temperatures for both the rhyolites and mafic magmas.  
The Ridolfi et al. (2010) amphibole formulations return model pressures in the 
range of ~150-600 MPa, and model temperatures ranging from ~850-1100˚C 
(Figure 5.12a) for the mafic clast groundmass amphiboles. Outputs of the Ridolfi 
and Renzulli (2012) equations show an even greater range, with model pressures 
and temperatures ranging from ~150-750 MPa and 800-1075˚C, respectively 
(Figure 5.12b).  Most outputs of both formulations describe a curve in P-T space 
that closely follows the P-T stability curve for volcanic amphiboles determined by 
Ridolfi et al. (2010) by compilation of experimental data (their figure 5.a). 
Exceptions are a group of outliers from clasts P581, P661 and P2267, which 
 
 
Figure 5.12. Model pressure and temperature outputs of the a) Ridolfi et al. (2010) and b) Ridolfi and Renzulli 
(2012) amphibole geothermobarometers. Fields for the high- (dashed) and low-silica rhyolites (based on 
modelling by Allan, 2013) are shown for comparison, with modal values for each shown in yellow and grey, 
respectively. Raw data are in the electronic appendix. 
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returned temperatures higher than the maximum thermal stability at their respective 
model pressures using the Ridolfi et al. (2010) formulations. The reason for this is 
unclear. 
The results of application of the Ridolfi et al. (2010) and Ridolfi and Renzulli (2012) 
formulations are largely inconsistent with Allan’s (2013) constraints, and 
knowledge of the crustal structure beneath Taupo volcano from geophysical data. 
Fe-Ti oxide thermometry by Allan (2013) returned values between ~950-1010˚C, a 
range which partially overlaps, but is considerably narrower than, that returned by 
the Ridolfi models. Model pressures are even more inconsistent. Given Allan’s 
(2013) inference that the top of the crystal mush layer underlying the Oruanui melt-
dominant body was at ~120-150 MPa (~4.5-5.5 km depth), and the felsic mush 
extended to ~270 MPa (~10 km depth), pressures greater than this are inconsistent 
with quench crystallisation of the amphiboles triggered by interaction with the 
Oruanui rhyolite. The highest pressures are equivalent to depths of >20 km, well 
below the base of the quartzo-feldspathic crust beneath the TVZ (Stern and Davey, 
1987).  
The failure of the Ridolfi et al. (2010) and Ridolfi and Renzulli (2012) amphibole 
formulations to generate plausible temperatures and especially pressures for the 
Oruanui mafic magmas is unsurprising given the groundmass amphiboles grew 
rapidly under disequilibrium conditions. The results do, however, show some 
interesting features that are worthy of discussion. 
Use of amphibole thermobarometric formulations, particularly for determining 
crystallisation pressures, has recently come under heavy criticism. A number of 
studies have found that pressure outputs of the Ridolfi et al. (2010) and Ridolfi and 
Renzulli (2012) equations are inconsistent with phase equilibria experiments and/or 
other constraints, and instead likely reflect differences in the composition of the 
melts from which amphibole crystallised (e.g. Coombs et al., 2013, Erdmann et al., 
2014; Kiss et al., 2014). Melt compositional differences are not taken into account 
in the expressions of Ridolfi et al. (2010) or Ridolfi and Renzulli (2012). The 
occurrence of groundmass plagioclase in the Oruanui mafic clasts has implications 
for the Al-budget of the melt during groundmass crystallisation, and therefore if 
melt compositional effects are important, should exert some control on amphibole  
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compositions and the pressure outputs of the amphibole barometers. Given that 
plagioclase is an Al-rich phase, the amount of Al in the melt available for uptake 
by co-crystallising amphibole would be expected to vary according to the Al content 
of the crystallising plagioclase, and the relative abundance of plagioclase and 
amphibole. Plagioclase compositions and ϕplagioclase/ϕamphibole ratios have been 
quantified for all clasts for which amphibole barometry was performed, thus 
enabling the effect of co-crystallising plagioclase on amphibole compositions (and 
therefore model pressures) to be assessed.  
The Al-content of groundmass plagioclase in the Oruanui mafic clasts, and its 
abundance relative to co-crystallised groundmass amphibole, appears to show no 
relationship to amphibole Al-content. Clasts with similar plagioclase compositions 
and ϕplagioclase/ϕamphibole ratios do not necessarily display similar amphibole Al-
contents, and often return significantly different model pressures (e.g. P581, P972, 
P2267 and P1948-3; Figure 5.13). This suggests that partitioning of Al into 
amphibole during the rapid groundmass crystallisation occurred independently of 
partitioning into plagioclase, and therefore was not dictated primarily by the 
composition of the melt. The diversity in the Al-contents of groundmass amphibole 
must therefore be attributed to either kinetic effects, or variation in intensive 
variables.  
The commonly-used amphibole-plagioclase geothermometers of Blundy and 
Holland (1990) and Holland and Blundy (1994) require input of a known pressure, 
and the composition(s) of an equilibrium amphibole-plagioclase pair(s). The wide 
diversity in both plagioclase and amphibole micro-cryst compositions within a 
single Oruanui mafic clast makes application of these thermometers difficult. Given 
that both amphibole and plagioclase crystals with diverse compositions are present 
in close proximity, how does one choose which compositions to pair together?   
 
5.3.5.2. Amphibole exchange reactions 
Four key substitution reactions are known to control the composition of calcic 
volcanic amphiboles (Bachmann and Dungan, 2002, and references therein): 
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Figure 5.13. a) Plagioclase Al2O3 content as determined by EPMA vs. ϕplagioclase/ϕamphibole for all clasts for which 
amphibole geothermobarometry was performed. b) Model pressures from the Ridolfi et al. (2010) formulations 
vs. amphibole Al2O3 content. c) Model pressures from the Ridolfi and Renzulli. (2012) formulations vs. 
amphibole Al2O3 content. Raw data are in the electronic appendix. 
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1. Edenite exchange: 
Si (T site) + [] (A site) ↔ Aliv (T site) + (Na + K) (A site) 
2. Plagioclase exchange: 
Si (T site) + Na (B site) ↔ Aliv (T site) + Ca (B site) 
3. Al-Tschermak exchange: 
Si (T site) + Mg (C site) ↔ Aliv (T site) + Alvi (C site) 
4. Ti-Tschermak exchange: 
2Si (T site) + Mn (C site) ↔ 2Aliv (T site) + Ti (C site)  
The relative importance of each substitution is controlled by intensive variables. 
The edenite and plagioclase exchanges are known to be favoured by increasing 
temperature, whereas the Al-Tschermak exchange is primarily pressure sensitive 
(e.g. Blundy and Holland, 1990; Bachmann and Dungan, 2002, and references 
therein). Most studies show that the Ti-Tschermak exchange is also temperature-
controlled (e.g. Ernst and Liu, 1998; Bachmann and Dungan, 2002), although water 
activity and pressure have been demonstrated to influence partitioning of Ti 
between amphibole and melt (Adam et al., 2007), and therefore the importance of 
this exchange may represent any combination of changes in pressure, temperature 
and/or water activity. By plotting tetrahedrally-coordinated Al against the cations it 
is substituted with in each reaction, the relative importance of each reaction can be 
assessed (Bachmann and Dungan, 2002; De Angelis et al., 2013; Shane and Smith, 
2013). Where amphibole geothermobarometry is not appropriate (or trusted), the 
relative contributions of the four amphibole substitution reactions can be used to 
qualitatively infer differences in crystallisation conditions (e.g. De Angelis et al., 
2013).  
Oruanui mafic clast groundmass amphiboles show weak correlations between Aliv 
and all cations normally involved in substitution reactions (Figure 5.14). Linear 
correlation coefficients (R2) of ~0 are observed for Ca (B site) vs. Aliv (T site) and 
Na + K (A site) vs. Aliv (T site), suggesting the temperature-sensitive plagioclase 
and edenite exchange reactions were not operating during crystallisation. A 
negative correlation observed between Alvi (C site) and Aliv (T site) implies the Al- 
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tschermak reaction was also not active. Ti (C site) shows only a weak positive 
correlation with Aliv (R
2 = 0.16), suggesting this reaction again played only a minor 
role in modulating amphibole compositions. The overall lack of correlation of Aliv 
with cations involved in the major amphibole exchange reactions implies none of 
these reactions played a significant role in determining amphibole compositional 
variability. This is here interpreted to reflect the influence of rapid crystallisation 
under disequilibrium conditions, which occurred too rapidly for the exchange 
reactions to occur. Inferring relative differences in crystallisation conditions for the 
Figure 5.14. Cations substituted along with Aliv in pressure- and temperature-sensitive amphibole exchange 
reactions plotted against Aliv to highlight the relative importance of each reaction: a) the Al-Tschermak 
exchange; b) the Ti-Tschermak exchange; c) the plagioclase exchange; d; the edenite exchange. Best fit lines 
are indicated on each plot.  
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Oruanui mafic clasts based on the relative importance of amphibole exchange 
reactions is therefore not possible.  
Evidence that the plagioclase exchange reaction also was not operating during 
groundmass crystallisation of the mafic clasts is particularly interesting, as 
plagioclase is abundant, and known to have co-crystallised with amphibole. This 
finding reinforces the notion that partitioning of elements into plagioclase and 
amphibole occurred independently during the rapid crystallisation of the 
groundmass.   
 
5.3.5.3. Implications for controls on groundmass textures and chemistries 
Reasons for differences in amphibole compositions between clasts, and the 
clustering of compositions with respect to textural groups, remain unclear. 
Differences in bulk chemistry can account for only some of the variability. 
Crystallisation under differing P-T conditions remains a possibility. The rapidity of 
the quench crystallisation (hours to several days), however, appears to have 
prevented all the major cation exchange reactions from controlling amphibole 
composition, masking any possible influence of temperature or pressure. The 
outputs of amphibole geothermobarometric formulations do not tally with other 
well-established geological and thermobarometric constraints. My data suggest that 
factors such as degree of undercooling and cooling rate exerted some control on 
amphibole compositions, as inferred above for plagioclase.      
 
5.3.6. Glass compositions 
Residual glass compositions in the Oruanui mafic clasts are exclusively rhyolitic, 
reaching highly evolved compositions with up to ~80 wt% SiO2. This highlights the 
ease and rapidity with which rhyolitic melts can be generated from crystallising 
liquid of andesitic bulk composition. A scarcity of sub-volcanic andesite liquids 
identified by Reubi and Blundy (2009) may therefore reflect not the rarity of their 
occurrence, but the ease and speed with which they evolve to rhyolitic compositions 
upon crystallisation.  
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An interesting feature of glass compositions in the mafic clasts is a systematic 
departure in compositions between the tholeiitic and calc-alkaline clasts for some 
elements, but not others (Figure 5.15). CaO contents, for instance, are generally 
higher in glasses from calc-alkaline clasts at a given SiO2 value, whilst Al2O3 and 
alkali contents are generally lower (excluding glasses from tholeiitic clast P972, 
which show unusually low total alkali contents). Contrastingly, glass FeO contents 
overlap substantially between the tholeiitic and calc-alkaline groups, despite the 
lower whole-rock FeO contents of the calc-alkaline suite at a given SiO2 content. 
This suggests that elements such as CaO, Al2O3 and Na2O are not being sequestered 
into feldspar and amphibole in the proportions required to meet equilibrium 
conditions and thus compensate for the compositional differences between the calc-
alkaline and tholeiitic melts. In contrast, differences in FeO are compensated for by 
the rapidly crystallising groundmass mineral assemblage, resulting in FeO contents 
of the residual melts for the tholeiitic and calc-alkaline clasts converging. This is 
likely facilitated predominantly by the crystallisation of a higher proportion of Fe-
Ti oxides in the tholeiitic clasts (Figure 3.3c). 
Figure 5.15e highlights the highly potassic nature of the mafic clast residual glasses 
relative to Oruanui rhyolite glasses, despite the markedly lower whole-rock 
K2O/Na2O values of the mafic clasts. As discussed in Section 4.3.3., loss of volatile 
Na2O during glass analyses is considered here to be a second order effect, and the 
clustering of many analyses from the same clast within a narrow K2O/Na2O range 
suggests this feature is largely real, and not an analytical artefact. The generally 
high  K2O/Na2O ratios of the mafic clast glasses are clearly a result of melt evolution 
driven by crystallisation of a mineral assemblage in which potassium is largely 
incompatible; K2O is sequestered in only small amounts in plagioclase and 
amphibole. Similarly high K2O/Na2O ratios (up to ~1.7) were reported for dacitic 
to rhyolitic groundmass glasses and melt inclusions from Ruapehu andesites by 
Price et al. (2005). The lower K2O/Na2O ratios of the Oruanui rhyolite glasses must 
therefore reflect evolution of rhyolitic melt under a different regime to that which 
occurs in TVZ andesites, and cannot simply reflect fractionation of K2O-
incompatible phases from an andesitic parent. 
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Figure 5.15. [Figure 4.11 repeated for reference.] Representative compositional plots for residual glass from 
Oruanui juvenile mafic clasts. All values normalised to 100% (volatile-free). Glass compositions from the 
Oruanui low-silica (dotted fields in plots a-d, grey points in e) and high-silica (dashed fields in plots a-d, yellow 
points in e) rhyolites are plotted for comparison (data from Allan, 2013). Errors bars denote 2 SD uncertainty 
estimates based on repeat analyses of the VG-568 Rhy rhyolite glass standard. Raw data are in the electronic 
appendix. 
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5.3.7. Textural and geochemical constraints on models for generation of the 
mafic clasts 
The diverse groundmass textures and mineral chemistries of the Oruanui mafic 
clasts cannot be solely explained by variations in bulk chemistry, and therefore 
imply that crystallisation occurred over a range of conditions, with probable 
variability in local degrees of undercooling, cooling rates, water content, and 
possibly pressure and/or temperature. This has important implications for models 
of mafic clast generation.  
The generation of quenched mafic inclusions in silicic volcanic deposits is generally 
explained by either one of two endmember models. The first invokes crystallisation 
and vesiculation of mafic magma in a coherent layer ponded at the base of the 
magma chamber, followed by mechanical breakup into clasts and dispersal 
throughout the chamber driven by volatile exsolution or draw-up during eruption 
(“pre-dispersal” crystallisation; e.g. Eichelberger, 1980; Huppert et al., 1982; Blake 
et al., 1992; Martin et al., 2006a). The second invokes crystallisation after dispersal 
as discrete blebs within the host, with blebs generally inferred to be generated by 
turbulent fountaining of forcefully-injected mafic magma (“post-dispersal” 
crystallisation; e.g. Turner and Campbell, 1986). The diversity in conditions of 
crystallisation inferred from the groundmass textures and chemistries of the 
Oruanui mafic clasts, as well as the common occurrence of crystal size gradients 
across clasts, precludes crystallisation occurred in a ponded layer, and implies the 
mafic clasts crystallised as discrete blebs within the host. If crystallisation had 
occurred in a ponded layer prior to dispersal, the cooling histories and P-T 
conditions experienced by each clast would be more uniform, and diversity in 
textures and mineral chemistries would not be so apparent. However, evidence for 
extensive interaction of the mafic magmas with the silicic system prior to entering 
the melt-dominant body (see Section 5.2) indicate discrete mafic blebs cannot have 
crystallised “post-dispersal” within the melt-dominant body. Neither of the 
endmember models for mafic clast generation are therefore appropriate here: 
crystallisation of the mafic clasts is inferred to have occurred as discrete blebs at 
the interface between the mush pile and the melt-dominant body, prior to dispersal 
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within the erupted melt-dominant magma body. This is dealt with in more detail in 
Section 5.5., where a new model for generation of the Oruanui mafic clasts is 
presented.   
 
5.4. PETROGENESIS OF THE ORUANUI MAFIC MAGMAS 
Models for the generation of andesitic magmas are a point of contention in igneous 
petrology (see Gómez-Tuena et al., 2014, for a review). A wide range of processes 
by which andesites may form have been proposed, including direct generation of 
andesite melt via partial melting of the sub-arc mantle (e.g. Carmichael, 2002; 
Straub et al., 2011), a complex combination of fractionation of mantle-derived 
basaltic melts, crustal assimilation and mixing in the lower crust (e.g. Hildreth and 
Moorbath, 1988; Annen et al., 2006), and hybridisation of mafic and felsic magmas 
in upper-crustal reservoirs (e.g. Eichelberger, 1975, 1978; Reubi and Blundy, 2009; 
Kent et al., 2010, Kent, 2014). Recently, recognition of a relative scarcity of 
andesitic melt inclusions at arc volcanoes, combined with a rarity of crystal-poor 
andesites inferred to represent andesitic liquids, has led to the argument that true 
andesitic liquids are rare (Reubi and Blundy, 2009). Consequently, this has led to 
the suggestion that hybridisation of mafic and felsic magmas in upper crustal 
reservoirs (initially proposed by Eichelberger, 1975, 1978) is an important, if not 
dominant process of andesite genesis (e.g. Reubi and Blundy, 2009; Kent et al., 
2010; Kent, 2014).  
The Oruanui mafic clasts (excluding ingested felsic material) are broadly andesitic 
(52-64.5 wt% SiO2) in bulk composition, crystal-poor (<15 vol%), and thus 
represent quenched parcels of andesitic liquids that intersected an upper-crustal 
silicic system. This occurrence is significant not only due to the proposed scarcity 
of andesitic liquids, but because it is inconsistent with popular models invoking 
mixing of silicic and basaltic magmas in the upper crust to generate andesitic bulk 
compositions. Evidence for andesitic melts feeding into the roots of the rhyolitic 
magma system is also at odds with Deering et al.’s (2011) suggestion that rhyolitic 
magmatism in the central TVZ is fuelled by dacitic melts extracted from lower-
crustal crystal mushes.  Unravelling the processes responsible for the generation of 
the Oruanui mafic magmas is therefore important, as it has implications for both 
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models of andesite genesis worldwide, and models of magma genesis in general in 
the central TVZ.      
A detailed investigation of the petrogenesis of the Oruanui mafic magmas is beyond 
the scope of this study, and no new isotopic data are presented here. However, the 
new textural and geochemical data have important implications for the timing and 
degree of interaction of the mafic magmas with the Oruanui rhyolites that require 
amendment of previous petrogenetic models proposed by Wilson et al. (2006). 
These new constraints are outlined in this section.  
 
5.4.1.   Previous petrogenetic models  
Wilson et al. (2006) used the coherent whole-rock and mineral compositional trends 
of the tholeiitic samples (including inflections in TiO2, P2O5 and Y at ~57-58% 
SiO2, close to where phenocrystic hornblende and ilmenite first appear), and a 
slightly increasing 87Sr/86Sr with SiO2, to argue that compositional variations within 
this group relate to fractional crystallization with small amounts of coincident 
crustal assimilation. However, the high 87Sr/86Sr and low Rb/Sr and Rb/Zr of the 
tholeiitic samples means they plot above the AFC trend found in the basalt-andesite-
dacite suites of the TVZ. This, combined with their failure to plot along a simple 
mixing line towards bulk Torlesse greywacke (the most likely crustal assimilant: 
Gamble et al., 1993; Graham et al., 1995), led Wilson et al. (2006) to suggest 
another unknown contaminant was required to generate the high  87Sr/86Sr  ratios of 
the tholeiitic magmas6. Wilson et al. (2006) therefore proposed that primitive 
tholeiitic magma, already contaminated by interaction with basement lithologies, 
ponded for some time on the Oruanui magma chamber floor (i.e. the base of the 
melt-dominant body) prior to the eruption, where it fractionated and assimilated a 
more radiogenic component. 
Whole rock compositions showing considerable scatter, bimodal plagioclase 
compositions, and apparent disequilibrium between some phenocrysts in the calc-
                                                          
6 More recent data from the Torlesse highlighting its considerable isotopic variability 
(Adams et al., 2009; Price et al., 2015), and the recent discovery of a previously 
unrecognised greywacke terrane (the Pahau) beneath Taupo (Charlier et al., 2010), suggest 
that the high 87Sr/86Sr could in fact be a direct consequence of crustal assimilation. 
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alkaline samples (most notably olivine and calcic plagioclase) led Wilson et al. 
(2006) to propose a mixing origin for the calc-alkaline suite. Using the compositions 
of olivine (Fo85) and anorthitic plagioclase (An88-95) inferred to be derived from the 
mafic endmember, and mineral-melt exchange coefficients for hydrous arc basalts 
from Sisson and Grove (1993), they inferred the primitive end-member was an 
olivine-plagioclase basalt, which mixed and hybridised with the rhyolite following 
injection and flow along the chamber floor. Mechanisms proposed for mixing 
included entrainment during vigorous injection of the basalt (Campbell and Turner, 
1985; Turner and Campbell, 1986; Blake et al., 1992), and convective overturn of 
the basalt and any rhyolite adhering to the base of the chamber (Snyder and Tait, 
1995). Additional mixing was suggested to have occurred when this hybrid 
encountered a fraction of the tholeiitic magma, resulting in the three-component 
mixtures more tholeiitic than P561.  
 
5.4.2. New constraints  
Wilson et al.’s (2006) notion that the tholeiitic magma stagnated, ponded and 
evolved beneath the melt-dominant rhyolite body over some time prior to the 
eruption arose from (a) perceptions of coarser crystallinity of tholeiitic relative to 
calc-alkaline clasts, and (b) compositional evidence for mixing of high-MgO 
rhyolites and streaky pumices with the tholeiitic magma. Although the latter point 
is well-established, the textural data presented in this study show that grainsize 
differences between tholeiitic and calc-alkaline clasts are minimal at best. 
Furthermore, the common occurrence of quenched margins/micro-cryst size 
gradients across clasts, and the remarkable diversity in groundmass textures 
between clasts within both of the compositional groups (which do not appear to 
relate primarily to bulk composition) require that crystallisation of the mafic clasts 
examined here occurred after mechanical breakup of the mafic magma into discrete 
blebs within the host, rather than within a coherent ponded layer. If crystallisation 
had occurred within a ponded layer at the base of the melt-dominant body, P-T 
conditions and cooling rates experienced by the crystallising mafic magmas would 
be expected to be more uniform. Consequently, diversity in the resultant 
groundmass textures would not be so evident, and crystal size gradients would be 
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absent in clasts of the small size observed in the eruption deposits. The clasts 
examined in this study therefore appear to represent a separate batch or batches of 
the tholeiitic magma to that which ponded beneath and mixed with the crystal-poor 
rhyolite to form high-MgO rhyolites and streaky pumices, and their evolution must 
have occurred prior to injection into the rhyolite. 
From three subtly distinct trends in whole rock data, Allan (2013) suggested the 
tholeiitic group may have comprised at least three distinct magma batches (his 
Figure 4.26), which were possibly injected into the rhyolite at different times. A 
similar argument was put forward by Feeley et al. (2008), who attributed diversity 
in the compositions of andesitic inclusions at Mt Helen Dome, Lassen Volcanic 
National Park, to variable differentiation in deep crustal reservoirs prior to ascent 
and interaction with silicic magmas. Inputs of andesitic magma into the silicic 
system were inferred to be recurrent and diverse. The problem with invoking a 
similar model for the Oruanui tholeiitic magmas is that co-erupted calc-alkaline 
clasts show only very minor evidence for hybridisation with tholeiitic magma. If 
multiple tholeiite bodies had existed beneath Taupo, the ascending calc-alkaline 
magma would most likely have intersected this maze of tholeiitic intrusions and 
formed hybrids.  Reasons for compositional diversity among the tholeiitic clasts 
currently remain unclear.  
Wilson et al.’s (2006) suggestion that mixing with the Oruanui rhyolites played a 
dominant role in the formation of the calc-alkaline magma is also called into 
question by the new data presented in this study. Mechanical breakup of the injected 
calc-alkaline magma into discrete blebs prior to crystallisation would result in rapid 
quenching and solidification, thereby preventing any significant hybridisation from 
occurring (Sparks and Marshall, 1986). Furthermore, the lack of a mixing trend 
towards Oruanui rhyolite glass compositions in the residual melt of the mafic clasts, 
and the scarcity of evidence for ingested rhyolite melt despite abundant rhyolite-
derived crystals, suggests any pre-eruptive hybridisation involving the Oruanui 
rhyolite was minor. Although the calc-alkaline clasts undoubtedly contain 
xenocrysts derived from both a primitive source and the Oruanui rhyolite, any 
hybridisation involved in producing their broadly andesitic bulk compositions must 
have occurred prior to injection into the rhyolite. 
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The new constraints revealed by this study require that generation of the broadly 
andesitic bulk compositions of both the tholeiitic and calc-alkaline magmas 
occurred in the lower crust, prior to interaction with the overlying silicic system. 
This is consistent with models invoking generation of andesite in lower-crustal 
zones fluxed by basaltic inputs from the mantle wedge via a complex and variable 
combination of mixing, fractionation and crustal assimilation processes (MASH 
model of Hildreth and Moorbath, 1988; deep crustal hot zone model of Annen et 
al., 2006). Generation of compositionally and isotopically diverse magmas can 
easily be envisaged to occur in such zones, where mixing, assimilation of 
compositionally and isotopically heterogeneous crustal rocks and remelted igneous 
intrusives, and fractionation likely occur within discrete domains over a range of 
depths. Annen et al. (2006) proposed that much of the chemical diversity of arc 
magmas is acquired during the complex and variable processes operating within 
such a zone. It is therefore possible that the tholeiitic and calc-alkaline suites were 
each generated within discrete parts of a lower crustal hot zone, with a different 
sequence of processes operating to give each suite its characteristic chemistry. An 
important point, however, is that the Sr isotopic evidence for crustal assimilation in 
the Oruanui mafic magmas (Wilson et al., 2006) implies the lower-crustal hot zone 
beneath Taupo must occur at depths shallower than ~15 km (cf. Stern and Davey, 
1987); considerably more shallow than implied by the models of Hildreth and 
Moorbath (1998) and Annen et al. (2006).   Analysis of melt inclusion compositions 
in phenocrysts native to the mafic magmas and generation of new whole-rock 
isotopic data for the mafic clasts would be a worthwhile undertaking for future 
studies, and should help shed some light on the processes by which the Oruanui 
mafic magmas were generated.  
 
5.5. MODELS FOR MAFIC-FELSIC INTERACTIONS IN THE ORUANUI 
MAGMA SYSTEM 
As outlined in sections 5.2.7. and 5.4.2., the Oruanui mafic clasts are now inferred 
to have crystallised as discrete blebs within the host rhyolite. This requires 
modification of previous models for mafic-felsic interactions in the magma system, 
and raises three important questions:  
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1) Where did mechanical breakup of the mafic magma into clasts occur? 
2) When did this process occur?   
3) What influence did the injection of mafic magma have on the dynamics of the 
Oruanui magma chamber?  
These questions are addressed in this section, and an updated model of mafic-felsic 
interactions in the Oruanui magma system is presented. 
 
5.5.1. Site of mafic clast generation 
The dominance of ingested low-silica rhyolite crystals in the mafic clasts (estimated 
as ~75% of the total macro-crystal population, based on overlap with low-silica 
rhyolite crystal compositions), as well as the scarcity of ingested quartz and melt, 
suggests extensive interaction of the clast-forming magmas with the Oruanui crystal 
mush. This indicates that chilling and groundmass crystallisation of the clast-
forming magmas must have begun prior to any interaction with the melt-dominant 
body. Given that the mafic clasts crystallised as discrete blebs, mechanical breakup 
of the clast-forming mafic magmas into globules must have occurred prior to 
dispersal throughout melt-dominant body. 
As suggested in section 5.2, the occurrence of crystals sourced dominantly from the 
mush (with a lesser proportion from the melt-dominant body), combined with the 
lack of evidence for ingested melt, suggests that generation of the mafic clasts 
occurred in a relatively shallow transition zone between the rigid mush and the melt-
dominant body. Little is currently known about the nature of such a zone, however. 
A gradient in crystallinity must have existed over some distance between the rigid 
mush (from which much of the melt had drained to form the melt-dominant body: 
Allan et al., 2013) and the melt-dominant body itself. Highly crystalline mush is 
inferred to have a penetrative crystal network, and behaves essentially as a solid 
(Marsh, 1981; Brophy, 1991). Ascending mafic dikes would therefore likely be able 
to traverse the rigid parts of the mush body, probably assisted by rifting processes 
(Allan et al., 2012, 2013), until they encountered the transition zone between the 
mush and the overlying crystal-poor magma. A gradual increase in melt fraction 
envisaged to occur across this still crystal-rich zone would decrease its yield 
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strength, increasing its mobility and allowing injected mafic dikes to disaggregate 
into blebs. Ingestion of the minor amounts of crystalline material could occur as the 
globules of mafic magma stirred up the semi-mobile crystal-rich interface magma, 
and induced convection upwards into the melt-dominant body.  Ponding of mafic 
magma at the interface between the mush and the melt-dominant body in the ~3.3 
ka Waimihia eruption of Taupo (Blake et al.; 1992) implies that any transition zone 
during the Waimihia eruption had almost no thickness, therefore enabling mafic 
dikes to transit through the entire mush zone before mechanical breakup occurred 
on entering the melt-dominant body, with no significant ingestion of rhyolite 
crystals. The transition zone for the Oruanui eruption is therefore envisaged to have 
been present, but relatively narrow (probably not more than tens of metres). 
 
5.5.2. Timing of mafic clast generation 
Wilson et al. (2006) argued that both mafic magma groups must have entered the 
Oruanui magma chamber only a short time prior to eruption on the basis that they 
were still liquid when ejected (as evidenced by plastic deformation of the mafic 
clasts). The abundance of residual glass, and evidence for plastic deformation of the 
clasts examined in this study also strongly suggest that the mafic magmas forming 
the clasts interacted with the rhyolite only very shortly prior to, or during, the 
eruption. However, there is also evidence that some interaction of both mafic groups 
occurred prior to onset of the eruption. Evidence for mixing trends between the 
tholeiitic magma and the high-MgO rhyolites and streaky pumices (Wilson et al., 
2006) indicate that some tholeiitic magma, separate from the batch which formed 
the clasts examined in this study, must have ponded beneath and interacted with the 
rhyolite over a longer period prior to the eruption). In addition, Allan (2013) 
proposed that the calc-alkaline magma may have interacted with rhyolitic magma 
for some time prior to the eruption. In particular, he invoked possible dissolution of 
high forsterite olivines derived from the calc-alkaline mafic magma in the high-
silica rhyolite to explain the unusual increase in Ni and Co abundance with 
decreasing Eu/Eu* and model pressure in amphiboles in the high-silica rhyolite. 
Both mafic magma types thus appear to have had a complex but subtle history of 
interaction prior to the eruption, followed by syn-eruptive interactions that involved 
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only the mechanical generation of mafic blebs and ingestion of some rhyolite 
crystals.  
 
5.5.3. Role of the mafic magmas  
Following their inference that the mafic magmas entered the Oruanui chamber 
shortly prior to eruption,  Wilson et al. (2006) suggested the mafic magmas likely 
primed or triggered the eruption through over-pressurisation of the chamber, and 
weakening of the crust resulting from fault activation associated with the 
propagation of mafic dikes (c.f. Sparks et al., 1977; Blake, 1981). Vesiculation and 
overturning of the ponded mafic magmas during the eruption were suggested by 
Wilson et al. (2006) to have helped disrupt the chamber across its entire thickness, 
and contributed to the appearance of mafic spikes in some of the later eruptive 
phases. However, down-temperature compositional signatures in rim zones of the 
main crystal phases in the Oruanui rhyolite (e.g., decreasing plagioclase An content, 
decreasing orthopyroxene En content) led Allan (2013) to rule out direct triggering 
of the Oruanui eruption by processes associated with mafic recharge, and the 
eruption is now interpreted to have been primarily triggered and modulated by 
rifting processes (Allan et al., 2012). The new evidence against large-scale syn-
eruptive ponding of mafic magmas beneath the melt-dominant body also precludes 
overturning of ponded layers during the eruption as the cause for mafic spikes in 
several of the eruptive phases.  
Together, results of this study and the work of Allan (2013) suggest that injection 
of the clast-forming mafic magmas into the silicic system, followed by mechanical 
breakup into blebs and subsequent crystallisation to form the mafic clasts, were syn-
eruptive processes. The rifting processes, inferred by Allan et al. (2012, 2013) to 
have triggered the eruption, also likely facilitated rise of mafic dikes from a deeper 
source region, which intersected the upper crustal rhyolite body during the eruption. 
Mafic material is relatively rare in the deposits of eruptive phases 1 and 2, and 
spikes in phase 3 accompanying the escalation of the eruption and a spike in the 
abundance of low-silica rhyolite pumice (Wilson, 2001; Allan et al., 2012; Allan, 
2013). Rifting during the onset of phase 3 (Allan et al., 2012) therefore is inferred 
to have facilitated syn-eruptive delivery of mafic material (and low-silica rhyolite 
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from the mush) into the high-silica rhyolite body, accompanied by a dramatic 
increase in eruptive intensity and a spike in the abundance of mafic material in the 
eruption deposits. Mafic spikes in later eruptive phases may reflect separate 
injections of mafic material.  Fe-Ti interdiffusion modelling of compositionally 
zoned magnetites from the deposits of phase 7, yielding timescales between ~7-37 
hours, led Allan (2013) to suggest syn-eruptive inputs of fresh mafic magma 
occurred during the onset of phase 7.  This is largely consistent with the 48 hour-
duration cooling experiments of Shea and Hammer (2013), which produced 
remarkably similar textures to the groundmasses of the mafic clasts at comparable 
undercoolings. The implication of these findings is that generation of the mafic 
clasts can be viewed as a syn-eruptive consequence of regional tectonic processes, 
rather than a driving force behind the eruption itself. Any role the mafic magmas 
played in modulating the dynamics of the eruption appears to be limited to spikes 
in eruptive intensity accompanying injections of fresh mafic magma, and a role of 
the mafic magmas in triggering the eruption can be ruled out.  
 
5.5.4. A revised model for mafic-felsic interactions in the Oruanui eruption 
A new model for generation of the Oruanui mafic clasts is shown schematically in 
Figure 5.16. Mafic clasts are suggested to have formed syn-eruptively within a 
shallow transition zone between the rigid mush and the overlying melt-dominant 
body. Dikes traversing the rigid mush, assisted by rifting processes, disaggregate as 
they reach the less crystalline, more mobile transition zone. Discrete blebs of a 
range of sizes are formed from the injected mafic magma, which quench against the 
rhyolite and rapidly crystallise. Chilled margins develop due to the gradient in 
cooling rate between the margin and core of each bleb. Ingestion of crystals sourced 
from both the high- and low-silica rhyolites occurs within the transition zone, 
accompanied by only minor amounts of melt due to the still highly-crystalline 
nature of the zone. Hot globules of mafic magma stir up the crystal-rich magma of 
the transition zone, inducing convection up into the melt-dominant body. 
Disaggregation of mafic blebs occurs during eruption, breaking up the concentric 
crystal size variation across each bleb. This process is repeated several times during 
the eruption as ongoing rifting enables new dikes reach the transition zone, resulting 
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in pronounced spikes in the abundance of juvenile mafic material in the deposits of 
phases 3 plus 4, 7 and 9 (Wilson, 2001).  
 
  
 
Figure 5.16. Schematic representation of the new model for mafic clast generation in the Oruanui eruption. Mafic, 
low-silica rhyolite and high-silica rhyolite magmas (melt plus crystals) are shown in red, grey and yellow, 
respectively. Numbers denote occurrence of key processes: 1) Mafic dikes ascend through the rigid mush assisted 
by rifting process. Probable entrainment of some low-silica rhyolite crystals occurs; 2) mechanical breakup of 
mafic dikes into blebs occurs as the mush loses its yield strength and transitions into the melt-dominant body; 3) 
mafic blebs quench, crystallise and ingest crystals from both the high- and low-silica rhyolites (plus minor 
amounts of melt); 4) heat transfer from quenching mafic magma induces convection in the transition zone, 
carrying quenched mafic blebs up into the vigorously convecting melt-dominant body. 
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6. Conclusions 
The new groundmass textural and crystal-chemical data presented in this thesis, 
combined with new and pre-existing whole-rock and macro-crystal compositional 
data (Sutton, 1995; Sutton et al., 1995; Wilson et al., 2006; Allan, 2013), provide 
new insights into mafic-felsic interactions in the Oruanui magma system.  This work 
particularly highlights the value of detailed study of the groundmasses of quenched 
mafic inclusions for elucidating the details of interaction between mafic and felsic 
magmas.  
 
6.1. SUMMARY OF KEY FINDINGS 
Despite their common diktytaxitic texture and mineralogy, the groundmass textures 
displayed by individual Oruanui mafic clasts are remarkably diverse. Large 
variability between clasts in crystal sizes, void fractions, crystal area number 
densities, and the relative abundance of mineral phases (particularly plagioclase and 
amphibole) are highlighted by the quantitative textural data presented in Chapter 3. 
Textural differences within the tholeiitic and calc-alkaline compositional groups are 
more significant than differences between them, suggesting bulk composition was 
not the primary factor dictating textural development. Crystal sizes and area number 
densities, in particular, show no correlation with whole-rock chemistry, implying 
diverse cooling histories exerted an important control on the resultant textures. 
Crystallisation of clasts at a range of undercoolings (and therefore cooling rates) is 
inferred from the amphibole sizes and area number densities and the negative 
correlation between them, as well as from the considerable variability in 
ϕplagioclase/ϕamphibole ratios that cannot be explained by whole-rock chemistry (cf. Shea 
and Hammer, 2013). Undercoolings of ~100-150˚C are inferred from the known 
temperature difference between the mafic magmas and the host rhyolite (~150˚C), 
and the close similarity of groundmass textures with those produced experimentally 
by Shea and Hammer (2013) over this range. Crystallisation of the mafic clasts as 
part of discrete blebs with a range of sizes is inferred to explain apparent diversity 
in degrees of undercooling, and crystal size gradients across clasts. Modelling of 
148 
 
cooling rates shows minor variations in the size of mafic blebs could account for 
large differences in their cooling rate.  
Diversity in the conditions of mafic clast crystallisation inferred from groundmass 
textures is reinforced by the chemistry of groundmass phases. Both plagioclase and 
amphibole micro-crysts, in particular, show a considerable range of compositions, 
with variations between clasts not primarily driven by the bulk chemistries of the 
clasts. Clustering of groundmass mineral compositions with respect to textural 
groupings suggests a fundamental link between compositions and textural 
development. This likely relates to a complex combination of factors, including not 
only bulk composition, but also cooling rate, degree of undercooling, and water 
content. Variability in intensive variables may also have influenced mineral 
compositions, however, crystallisation occurred too rapidly for the major 
amphibole cation exchange reactions to operate, masking the possible influences of 
pressure and temperature. Application of the Ridolfi et al. (2010) and Ridolfi and 
Renzulli (2012) amphibole thermobarometric formulations returned implausible 
pressure estimates, although in turn the bulk composition of the crystallising melt 
does not appear to have exerted a significant control on model pressures. 
New macro-crystal compositional data presented here reinforce the conclusions of 
Allan (2013) regarding the ingestion of rhyolite-derived crystals during interaction 
of the mafic magmas with the silicic system. The dominance of crystals derived 
from the low-silica rhyolite and the rarity of quartz (which is ubiquitous in the high 
silica rhyolite), combined with the scarcity of ingested melt and lack of a mixing 
trend between residual glass compositions and Oruanui rhyolite glasses, suggests 
ingestion of felsic material predominantly occurred within a transition zone 
between the mush pile and the overlying melt-dominant body.    
The data presented here require modification of the original model for mafic-felsic 
interactions in the Oruanui eruption proposed by Wilson et al. (2006). Diversity in 
the conditions of crystallisation inferred from the groundmass textures and 
chemistries of the mafic clasts are inconsistent with models invoking crystallisation 
in a ponded mafic layer at the base of the melt-dominant body, prior to mechanical 
breakup and dispersal. The mafic clasts are here inferred to have crystallised as 
discrete blebs, formed by disaggregation of mafic dikes encountering a transition 
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zone between the rigid crystal mush and the melt-dominant body. Rapid 
crystallisation of chilled mafic blebs of a range of sizes is inferred to have occurred, 
concurrent with ingestion of crystal-rich rhyolitic material. Heat transfer from the 
mafic magma likely induced convection in the semi-mobile interface magma, 
facilitating transfer of the quenched mafic globules into the overlying melt-
dominant body.  
Evidence for plastic deformation and the abundance of residual glass suggests 
formation of the mafic clasts examined here was a syn-eruptive processes. Spikes 
in the abundance of mafic material in phases 3 plus 4, 7 and 9 (Wilson, 2001), and 
diffusion timescales in zoned magnetites within clasts from phase 7 of ~7-37 hours 
(Allan, 2013), suggest inputs of mafic magma into the silicic system were recurrent; 
likely a consequence of a continuation of the rifting processes inferred by Allan et 
al. (2012) to have triggered and modulated earlier stages of the eruption. Mixing 
trends between the tholeiitic magma and the high-MgO rhyolites and streaky 
pumices (Wilson et al., 2006), and increasing Ni and Co in high-silica rhyolite 
amphiboles with decreasing Eu/Eu* (Allan, 2013), suggest complex pre-eruptive 
interactions between mafic magmas and the rhyolites did occur, however these 
earlier mafic magma inputs are not represented by the clasts examined in this study.  
 
6.2. SUGGESTIONS FOR FUTURE STUDIES 
The syn-eruptive generation of the Oruanui mafic clasts precludes evolution of the 
mafic magmas by prolonged interaction with the upper crustal silicic magma 
system. Generation of the broadly andesitic bulk compositions of the mafic magmas 
must therefore have occurred in the lower crust prior to injection in the silicic 
system. This raises an important question: how can such large volumes of two 
contrasting lineages of mafic magmas both evolve within the relatively thin crust 
beneath Taupo without encountering one another and hybridising? Generation of 
new whole-rock isotopic data, combined with analysis of melt-inclusions hosted in 
mafic clast phenocrysts (notably the high-Fo olivines in the calc-alkaline suite), 
would be a worthwhile undertaking for future studies, and may help clarify how 
two compositionally contrasting magmas were generated contemporaneously 
within such a small space.   
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8. Appendix 1 – Tables: Analytical Standards and 
Uncertainties 
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Table A1.2. Preferred values for elemental compositions of powdered rock standards used in ICP-MS analyses, compiled 
from the GeoReM database (http://georem.mpch-mainz.gwdg.de/). All values in ppm unless specified.   
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Table A1.3. Summary of ICP-MS data acquired for international rock powder standard BCR-2. All values normalised 
to CaO, and given in ppm unless specified.  
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Table A1.4. Summary of ICP-MS data acquired for two separate dissolutions of powdered sample P560, providing 
estimates of the reproducibility of ICP-MS analyses. All values normalised to CaO, and given as ppm unless specified.   
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Engels Amphibole 
n = 159 
  Mean Max Min 2 SD 2 SD (%) Reference % Offset 
        
   TiO2   0.90 1.12 0.64 0.16 17.78 0.94 -4.4 
   MnO    0.40 0.79 0.00 0.66 164.87 0.63 -36.3 
   Na2O   1.68 1.96 1.40 0.19 11.60 1.63 2.9 
   MgO    8.88 10.58 8.14 0.88 9.91 8.67 2.5 
   SiO2   42.19 44.66 39.68 1.27 3.01 42.14 0.1 
   Al2O3  11.94 13.11 9.44 1.39 11.64 12.09 -1.2 
   FeO    19.22 20.38 17.93 1.11 5.78 19.05 0.9 
   CaO    11.53 11.88 11.13 0.27 2.34 11.56 -0.3 
   K2O    0.92 1.13 0.71 0.12 13.04 0.91 1.5 
  Total   97.54 101.12 93.10 3.32 3.40 97.62 -0.1 
                
Table A1.6a. Summary of EPMA data acquired for international mineral standard Engels Amphibole. All values given 
in wt% unless specified. Reference values are from Ingamells (1980). 
Table A1.6b. Summary of EPMA data acquired for international mineral standard Plagioclase NMNH 115900. All values 
given in wt% unless specified. Reference values are from Jarosewich et al. (1980). 
 
Plagioclase NMNH 115900 
n = 195 
  Mean Max Min 2 SD 2 SD (%) Reference % Offset 
        
   CaO    13.63 14.03 12.83 0.40 2.92 13.64 -0.1 
   TiO2   0.05 0.16 0.00 0.07 125.48 0.05 9.6 
   Na2O   3.46 4.06 3.15 0.30 8.67 3.45 0.4 
   MgO    0.15 0.23 0.10 0.04 27.08 0.14 9.9 
   SiO2   50.95 53.00 48.94 1.29 2.53 51.25 -0.6 
   Al2O3  30.84 32.17 29.20 0.73 2.38 30.91 -0.2 
   FeO    0.47 0.55 0.38 0.07 13.84 0.46 2.5 
   K2O    0.13 0.25 0.02 0.05 37.50 0.18 -26.2 
  Total   99.73 103.12 96.10 2.67 2.68 100.17 -0.4 
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San Carlos Olivine 
n = 10 
  Mean Max Min 2 SD 2 SD (%) Reference % Offset 
        
   CaO    0.05 0.07 0.04 0.02 32.75 <0.05 -8.2 
   MnO    0.11 0.20 0.00 0.12 107.84 0.14 -19.4 
   SiO2   40.75 41.17 40.15 0.59 1.45 40.81 -0.2 
   MgO    49.42 50.12 48.52 0.88 1.78 49.42 0.0 
   FeO    9.50 9.87 9.14 0.44 4.62 9.55 -0.5 
   NiO    0.36 0.44 0.31 0.08 22.84 0.37 -1.7 
  Total   100.82 101.69 98.97 1.68 1.66 100.29 0.5 
        
                
 
 
 
 
 
 
 
Kakanui Augite 
n = 58 
  Mean Max Min 2 SD 2 SD (%) Reference % Offset 
        
   FeO    6.38 6.60 6.26 0.12 1.84 6.34 0.7 
   SiO2   50.76 51.69 49.95 0.71 1.41 50.73 0.1 
   Al2O3  8.68 8.96 8.39 0.23 2.61 8.73 -0.5 
   MgO    16.78 17.35 16.35 0.40 2.37 15.82 6.1 
   Na2O   1.30 1.50 1.14 0.12 9.50 1.27 2.6 
   CaO    15.76 16.21 15.23 0.36 2.30 15.82 -0.4 
   TiO2   0.77 0.87 0.62 0.10 12.59 0.74 3.8 
  Total   100.43 101.35 99.42 0.92 0.91 100.56 -0.1 
                
Table A1.6c. Summary of EPMA data acquired for international mineral standard Kakanui Augite. All values 
given in wt% unless specified. Reference values are from Jarosewich et al. (1980) and Klügel et al. (2005). 
Table A1.6d. Summary of EPMA data acquired for international mineral standard San Carlos Olivine. All values 
given in wt% unless specified. Reference values are from Jarosewich et al. (1980). 
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VG-568 Rhy 
n = 110 
  Mean Max Min 2 SD 2 SD (%) Reference % Offset 
        
   CaO    0.39 0.44 0.29 0.07 17.48 0.45 -12.5 
   TiO2   0.05 0.10 0.02 0.03 52.80 0.08 -32.2 
   Cl     0.08 0.10 0.06 0.02 23.32 0.1013 -24.0 
   Na2O   3.37 4.32 2.55 0.57 16.88 3.52 -4.4 
   MgO    0.01 0.04 0.00 0.02 136.33 0.03 -51.4 
   SiO2   77.07 78.18 74.65 1.17 1.52 79.96 -3.6 
   Al2O3  12.22 12.64 11.74 0.29 2.38 12.17 0.4 
   K2O    4.98 5.51 4.52 0.31 6.25 4.93 1.0 
   FeO    1.09 1.36 0.84 0.17 15.63 1.08 0.7 
   MnO    0.02 0.06 0.00 0.03 172.56 0.02 -10.6 
  Total   99.20 100.75 96.84 1.65 1.67 99.24 0.0 
                
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A1.6e. Summary of EPMA data acquired for international glass standard VG-568 Rhy. All values given in wt% 
unless specified. Reference values are from Jarosewich et al. (1980).  
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Table A1.7. Preferred values for elemental compositions of glass standards used in LA-ICP-MS analyses, 
compiled from the GeoReM database (http://georem.mpch-mainz.gwdg.de/). All values in ppm unless specified.   
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Table A1.8.a.  Summary of LA-ICP-MS data acquired for glass standard BCR-2G for analyses with a 50 µm-diameter spot. 
Mean and reference values given in ppm. 
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BCR-2G 
Secondary standard for micro-cryst analyses (20 µm spot) 
n = 45 
Mass Monitored Element Mean 2 SD 2 SD (%) Reference % Offset 
       
44 Ca 50056 13098 26.17 50458 -0.8 
45 Sc 34.10 13.15 38.57 33 3.3 
51 V 421.02 85.92 20.41 425 -0.9 
55 Mn 1534.76 377.14 24.57 1472 4.3 
59 Co  36.72 9.60 26.14 38 -3.4 
71 Ga 22.65 6.16 27.22 23 -1.5 
85 Rb 47.84 8.60 17.98 47 1.8 
86 Sr  342.09 101.70 29.73 342 0.0 
89 Y  34.05 11.67 34.26 35 -2.7 
90 Zr  179.19 57.73 32.22 184 -2.6 
93 Nb 12.31 3.70 30.05 12.5 -1.5 
137 Ba  684.64 188.52 27.54 683 0.2 
139 La 24.57 7.36 29.97 24.7 -0.5 
140 Ce 52.35 14.89 28.45 53.5 -2.2 
141 Pr 6.63 2.24 33.74 6.7 -1.1 
146 Nd 28.39 8.29 29.20 28.9 -1.8 
147 Sm 6.36 1.89 29.75 6.59 -3.5 
151 Eu  1.87 0.71 38.01 1.97 -5.1 
157 Gd 6.58 2.89 43.86 6.71 -1.9 
159 Tb 0.96 0.38 39.19 1.02 -6.0 
163 Dy 6.39 2.47 38.73 6.44 -0.8 
165 Ho 1.26 0.47 36.88 1.27 -0.7 
166 Er 3.53 1.21 34.38 3.7 -4.7 
172 Yb 3.35 1.36 40.60 3.39 -1.1 
175 Lu 0.50 0.27 53.81 0.5 -0.1 
178 Hf 4.75 1.76 36.97 4.84 -1.9 
181 Ta 0.75 0.26 35.06 0.78 -4.1 
208 Pb 10.34 3.15 30.46 11 -6.0 
              
Table A1.8.b.  Summary of LA-ICP-MS data acquired for glass standard BCR-2G for analyses with a 20 µm-
diameter spot. Mean and reference values given in ppm. 
 
177 
 
9. Appendix 2 - X-Ray Microtomography (µ-CT) 
of Oruanui Mafic Clasts 
 
9.1. Methods 
Samples selected for imaging at highest-possible-resolution, in order to distinguish 
groundmass phases, were cut to ~5 mm cubes with a high precision saw. Larger 
blocks up to ~4 cm in maximum length were cut for imaging at lower resolution, 
with the goal of targeting macroscopic crystals and vesicles.      
Microtomography data was collected in Hutch 3B of the Imaging and Medical 
Beam Line at the Australian Synchrotron, Clayton, Victoria. Sample scans were 
performed using the “Ruby” detector, and included 1800 radiographs, collected 
over 180˚ rotation with 0.5 s exposure. For high-resolution scans of the mm-scale 
cubes, an X-ray energy of 30 keV was used. 45 keV was used for the larger (cm-
scale) blocks.  
Scans were reconstructed using the X-Tract Imaging Toolbox on the Australian 
Synchrotron’s MASSIVE parallel computing cluster. Overlapping vertical scans 
were then manually stitched together, yielding rendered volumes with voxel edge 
lengths of 6.1 µm/pixel and 15.6 µm/pixel for high- and low- resolution scans, 
respectively.  
Reconstructed greyscale image stacks were imported into ImageJ, and cropped to 
select a rectilinear volume within the interior of each scanned sample for 
quantitative analysis. After greyscale thresholding was applied to separate out 
features of interest, the ImageJ “Particle Analyser” plugin was applied to quantify 
their volume fractions. Macro-crystallinity and macro-vesicularity were quantified 
using image stacks from the low-resolution scans, whilst micro-crysts were targeted 
in stacks from the high-resolution scans. To filter noise generated during the 
thresholding process, minimum particle volume cut-offs of 200 and 300 voxels 
were applied for quantification of macro-crystallinity and macro-vesicularity, 
respectively. 
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Rendering and inspection of 3-D volumes was performed using the volume 
exploration freeware Drishti (Limaye, 2012).    
 
9.2. Results 
The highest resolution (6.1 µm/pixel) attainable at the Australian Synchrotron 
facility unfortunately proved insufficient to adequately resolve micro-crysts in the 
groundmasses of all Oruanui mafic samples scanned, including the coarsest sample, 
P581. As such, generating quantitative data from the high resolution scans was not 
possible.  
Despite the lack of quantitative data, it was possible to generate 3-D volume 
renderings of micro-cryst textures in the coarsest sample (P581) using Drishti 
(Figure A2.1), which highlight the acicular morphology of the micro-crysts. A  
 
 
Figure A2.1. a) µ-CT volume rendering of groundmass micro-crysts (blue) in sample P581, highlighting the 
character of groundmass texture. Volume shown has approximate dimensions of 4.5 x 3.5 x 2 mm. b) Close-up 
of lower-right corner of a), highlighting a radiating cluster of micro-crysts. The overall structure resembles a 
cone, with crystals radiating out from the apex. c) 90˚ rotation of b), showing view of radiating crystal cluster 
looking up the central axis of the cone-shaped structure.   
179 
 
radiating crystal cluster captured in the scan shows a cone-like morphology (Figure 
A2.1b, c). A short video clip highlighting some of the 3-D structure visible in the 
groundmass of P581 is included in the electronic appendix.  
The lower-resolution scans of cm-scale blocks proved more useful for quantitative 
analysis. Volume fractions of macroscopic-scale vesicles (distinct from the µm-
scale diktytaxitic voids between groundmass micro-crysts; Figure A2.2), and in 
some cases macro-scale crystallinities (i.e. crystallinity excluding groundmass 
micro-crysts), were quantified for a number of samples (Table A2.1). Crystallinities 
were not calculated where macro-crystals of plagioclase were unable to be 
adequately separated from groundmass by greyscale thresholding,  
The inability to resolve micro-crysts in the highest-resolution scans highlights the 
current limitations of µ-CT using the Australian Synchrotron. Quantitative 3-D data 
can be obtained for larger-scale (macroscopic) textural features, as shown by the 
vesicularities and crystallinities quantified for the lower-resolution scans, however 
obtaining quality data for microscopic textures remains unattainable at present 
using this particular synchrotron.    
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A2.2. µ-CT volume rendering of macro-vesicles in sample P574, showing the character of their shape 
and distribution. Volume shown has approximate dimensions 15 x 9 x 4.5 mm.  
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Clast Group Macro-Crystallinity (vol%) Macro-Vesicularity (vol%) 
    
P567 CA 5.6 14.4 
P574 TH 4.4 18.0 
P575 TH 5.5 41.8 
P651 TH 3.4 7.1 
P697 TH 2.0 16.9 
P919 CA Not quantified 13.5 
P942 TH 2.8 6.9 
P1643 CA Not quantified 8.7 
P1974 TH Not quantified 17.0 
P2267 TH Not quantified 10.0 
        
Table A2.1. Macro-crystallinities and vesicularities for a selection of Oruanui juvenile mafic clasts, 
quantified from reconstructed µ-CT image stacks using ImageJ.   
